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PREFACE

In October 1981, the U. S. Army Engineer Waterways Experiment Station

(WES) was requested by the U. S. Army Engineer District, Norfolk, to perform a

hydraulic model investigation of possible hydrodynamic changes to Chesapeake

Bay as a result of the proposed deepening of the Norfolk approach channels.

The study was conducted by personnel of the Hydraulics Laboratory, WES,

and its subcontractor Acres American, Inc., under the general direction of

Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory, F. A. Herrmann, Jr.,

Assistant Chief of the Hydraulics Laboratory, R. A. Sager, Chief of the Estu-

aries Division, W. M. Dyok of Acres American, Inc., and Dr. R. B. Taylor of

Tetra Tech, Inc. Testing was conducted under the supervision of Messrs. R. 0.

Bruno, Chief of the Chesapeake Bay Model Branch (WES), and S. R. Rives of

Acres American, Inc. Data analysis and final report preparation were con-

ducted under the supervision of Messrs. Bruno of WES and J. R. Pagenkopf of

Tetra Tech, Inc. Project Engineers for the model study were Messrs. D. R.

Richards for WES and M. R. Morton for Acres American/Tetra Tech. Additional

key personnel for WES involved in the model study included Messrs. A. W. Crunk,

M. A. Granat, and Ms. V. R. Pankow. Key personnel for Acres American and

Tetra Tech included Messrs. D. G. Dionne, W. E. Hayes, P. S. Jayne, P. A.

Waltz, and Ms. M. F. Capriotti. Special acknowledgment is made to Mr. Crunk

for providing computer graphics assistance which was used extensively in this

report. This report was prepared by Messrs. Richards and Morton.

Commander and Director of WES during the conduct of this study and the

preparation and publication of this report was COL Tilford C. Creel, CE.

Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain

acres 0.4047 hectares

cubic feet per second 0.02831685 cubic metres per second

feet 0.3048 metres

feet per second 0.3048 metres per second

inches 25.4 millimetres

miles (U. S. statute) 1.609344 kilometres

square feet 0.09290304 square metres
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NORFOLK HARBOR AND CHANNELS DEEPENING STUDY

PHYSICAL MODEL RESULTS

Chesapeake Bay Hydraulic Model Investigation

PART I: INTRODUCTION

Chesapeake Bay

I. Chesapeake Bay with its tributary estuaries forms the largest estu-

arine system in North America. The 190-mile*-long estuary varies in width

from 4 to 30 miles with an average depth of 28 ft (Figure 1). The mean annual

discharge of its 126 freshwater tributaries is approximately 70,000 cfs, al-

most 90 percent of which is contributed by the Susquehanna, Potomac, Rappahan-

nock, York, and James River basins. The Atlantic Ocean provides salt water tc

the bay, producing large salinity variations within its boundaries. The

eastern shore is generally saltier than the western shore, attributed in part

to the predominance of freshwater flow from the western shore tributaries and

to the counterclockwise tendency of flow resulting from Coriolis force.

2. Chesapeake Bay is classified geologically as a drowned river valley

estuary. The Holocene sea-level rise inundated the Susquehanna River Valley

to form the bay. Sedimentation from the tributaries as well as erosion of the

banks has contributed to maintaining the bay's broad, shallow character. The

bay is classified as a partially mixed estuary, although various stages of

freshwater discharge and tidal and wind mixing cause portions to alternate be-

tween well mixed and highly stratified. Tides are semidiurnal with mean

ranges from 1 to 2 ft. The length of Chesapeake Bay is such that a complete

tidal wave is contained within its limits at all times. Wind-generated waves

are generally less than 3 ft in height, but larger waves can occur during high

wind conditions. Average maximum velocities for tide and wind-driven currents

range from 0.5 to 3 fps.

3. Chesapeake Bay contains a variety and abundance of wildlife that

make it unique as a biological environment. Its estuarine waters are rich

A table of factors for converting U. S. customary units of measurements to

metric (SI) units is presented on page 3.
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with nutricnts and organic material that support some of the largest crops of

oysters and clams in the world. The lower salinity portions of the estuary

provide the spawning grounds for a variety of fishes including the striped

bass, shad, and herring. Most of the organisms native to Chesapeake Bay are

tolerant of natural fluctuations in the saltwater distribution, but sometimes

permanent changes provide stresses that they cannot survive. The adverse ef-

fects of these sometimes man-induced changes are often realized through the

depletion of existing spawning areas for fishes or by providing more conducive

environments to the organisms' predators as is most noticeable in shellfish.

Since man is capable of making permanent changes to the bay's salinity and

hence its biota through his navigational improvement efforts, it is important

to know the possible impacts on the environment prior to implementation of a

project so that reasonable alternatives can be explored or trade-offs assessed

in a rcsponsible manner.

Norfolk Harbor

4. Navigational uses of Chesapeake Bay in the Norfolk area are of great

importance to the Nation and the local communities. Due to its naturally pro-

tected harbors, the Norfolk area has historically been the home port of naval

activities since colonial times. Commercially, Norfolk has played a major role

in east coast bulk shipping for many years. Its closeness to the Appalachian

coal fields and connecting rail lines has helped it become the largest coal

exporting port in the United States. However, with the current trends toward

deeper draft bulk cargo vessels and an ever-increasing demand for United

States coal, Norfolk may lose some of this competitive advantage. There are

currently several vessels calling on Norfolk that must carry partial loads to

navigate through the existing channels. Since the majority of the cargo pass-

ing through Norfolk is high in volume and low in price, the efficient use of

shipping is crucial to bring profits. Unless the harbor is deepened, future

deep-draft vessels may be forced to use other ports.

Proposed Channel Improvements

5. The proposed improvements to channels and anchorages approaching

6



Norfolk Harbor are shown ii Figuie 2 dud detrLibed ab follows (U.. ... o 1,

1980):

a. Increasing the depth of Thimble Shoal Channel from 45 to 55 ft
below mean low water over its existing 1,000-ft width.

b. Increasing the depth of Norfolk Harbor Channel from 45 to 55 ft
below mean low water over its existing 800- to 1,500-ft width to
the coal terminal at Lamberts Point.

c. Increasing the depth of the channel to Newport News from 45 to
55 ft below mean low water over its existing 800-ft width to the
coal terminal at Newport News.

d. Dredging a new channel, referred to as the Atlantic Ocean Chan-
nel, off Virginia Beach to a depth of 57 ft I ow mean low water
and a width of 1,000 ft over a length of 10. iles.

e. Constructing three fixed-mooring anchorage f 7ities, each ca-
pable of accommodating two large vessels sim Ineously.

f. Increasing the depth of the Elizabeth River "he Southern
Branch of the Elizabeth River between Lamber - int (river
mile 9) and the Norfolk and Western Railway bridge (river
mile 15) from 40 to 45 ft below mean low water over its existing
375- to 750-ft width.

S. Increasing the depth of the Southern Branch of the Elizabeth
River between the Norfolk and Western Railway Bridge (river
mile 15) and the U. S. Routes 460 and 13 highway crossing (river
mile 17.5) from 35 to 40 ft below mean low water over its exist-
ing 250- to 500-ft width, and providing a new 800-ft turning
basin at the terminus of the channel improvement.

6. The depths listed above are project depths and do not include al-

lowable overdepth dredging. The actual depths for the proposed new channels

with the required overdepth dredging should be 3 ft deeper. Previous deepen-

ing projects in the vicinity also had provisions for overdepth dredging. The

model study of the proposed channel deepening used the existing channel depths

as determined by the most recent surveys for the base condition with the plan

condition using the project depths plus the 3-ft overdepth dredging.

Purpose

7. The purpose of this study was to investigate the impact of the pro-

posed channel deepening on the hydrodynamic characteristics of Chesapeake Bay.

The study was designed specifically to determine what changes in tidal eleva-

tions, current velocities, and salinities could be attributed to the proposed

channel dcepening.

7
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Scope of TebLiit

8. The hydraulic model study consisted of two parts. The first was a

series of four steady-state tests (constant discharge and cosine tides) de-

signed to study base versus plan differences in tides and current velocities.

Both base and plan geometries were tested under medium and high tide range and

freshwater discharge conditions. The boundary conditions and sampling pro-

cedures for the steady-state tests were dictated by the needs of numerical

models at the U. S. Army Engineer Waterways Experiment Station (WES) for sub-

sequent studies of sediment transport and shoaling in the dredged channels and

neighboring bottom areas.

9. The second part of the study was a dynamic test (variable discharge

and variable tides) designed to predict base versus plan differences in salin-

ity response. A 2-1/2-year variable hydrograph was used with a repetitive

28-lunar-day variable tide for both base and plan geometries. The ocean

source salinity was the same for both steady-state and dynamic tests.

9



PART II: CHESAPEAKE BAY MODEL

Physical Model Description

10. The physical model of Chesapeake Bay is located on Kent Island in

Matapeake, Maryland. The model is an 8.6 -acre fixed-bed model molded in (on-

crete to conform to the most recent National Ocean Survey charts. At the time

of this study, all major ship channels had been molded with the proposed 50-it

channels leading into Baltimore and the existing channels elsewhere. Channels

in the James and Elizabeth Rivers and Thimble Shoal area of the Lower Bay .ere

molded to correspond to prototype information iollected as late as 1981. The

molded area of the model extends trom approximately 30 miles offshore in the

Atlantic Ocean to the heads of tide for all tributaries emptying into the

Chesapeake. The entire length of the Chesapeake and Delaware (C&)) Canal and

a portion of Delaware Bay are also molded. Overbank geometry is reproduced tc

the +20 ft contour. Model limits are shown in Figure 3.

11. The hydraulic model was designed based on the equality ot Froude

numbers, model to prototype, reflecting similitude of gravitational effects.

Geometric scales of the model are 1:1,000 horizontally and 1:100 vertically,

reflecting a distortion ratio of 10:1. These dimensions and Froudian model

laws defined the following model-to-prototype ratios:

Characteristic Rat io

Vertical length 1:100

Horizontal length 1:1,000

Slope 10:1

Time 1:100

Velocity 1:10

Volume 1:100,000,000

Discharge 1:1,000,000

The model-to-prototype ratio for salinity is 1:1. This is the general prac-

tice for distorted-scale models.

12. The model was designed and equipped so that selected prototype

boundary conditions could be simulated and the model response to these condi-

tions recorded. A discussion of appurtenances necessary to generate and re-

cord test boundary conditions folinws.

10
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C nutcr Facilities

13. The Chesapeake Bay model is equipped with five minicomputers that

perform a variety of tasks ranging from model control and data logging to the

analysis and graphical display of model test data. These include a Texas In-

struments (TI) 960, a TI 980, an International Business Machines (IBM) 5110, a

Digital Equipment Corporation (DEC) PDP 11/23, and a DEC PDP 11/44.

14. The TI 960 is a 64K minicomputer used solely for model control and

data acquisition. It is equipped with a 2.5-megabyte magnetic disc that con-

tains all necessary system software to compile and run the model control com-

puter program. It also is equipped with two 250K flexible disc drives that

are used to receive data from 75 different flowmeters and water-level dle-

tectors throughout the model. Output from these devices is displayed on a

cathode-ray tube (CRT) or hardcopy terminal where it can be observed at the

same time that it is recorded on flexible disc. Through the model control

terminal, an operator can interactively observe model operations by displaying

values from any combination of model control devices.

15. The TI 980 is a 56K minicomputer used primarily for data analysis.

It has the same access to the magnetic disc and flexible discs as does the

TI 960. In addition, it can interface with a 300 card-per-minute card readel

a 9-track, 800-bpi (bytes per inch) magnetic tape drive, and a Versatec elec-

trostatic printer/plotter. Graphics for this report were partially supplied

by the Versatec machine.

16. The IBM 5110 is a 64K minicomputer that has access to twin 250K

flexible disc drives and Tektronix plotting peripherals. It uses an APL key-

board and is used in various data editing and analysis tasks.

17. Data logging at the model can be accomplished through the use of

the PDP 11/23 minicomputer. The PDP 11/23 has 64K of main memory and can

store 5.8 megabytes of data on a Winchester magnetic disc. Although it is

being developed as a self-contained data logging system, it is also used for a

variety of small data analysis tasks.

18. The largest of the model minicomputers is the PDP 11/44 which has a

full megabyte of main memory and can service eight users simultaneously. Pro-

gram and data storage in the system is supplied by twin 10.4 megabyte remov-

able magnetic discs, a 1,600-bpi tape drive, twin 250K flexible disc drives,

and a 600 card-per-minute card reader. The PnP 11/44 is connected to a

12



Tektronix graphics system that includes a 4112 video graphics screen, a 4662

flat bed plotter, and a 4612 hard copy unit. The graphics in this report were

largely supplied by the PDP 11/44 and Tektronix system.

Tide Generation and Measurement

19. Source tides in the model can be generated by using the primary

tide generator in the model ocean and by using the secondary tide generator in

the Delaware Bay at the eastern end of the C&D Canal. Both tide generators

can be operated to generate a repetitive tide, or by using the TI 960 model

control computer a repetitive or variable tide can be generated.

20. The TI 960 computer controls the source tides by providing a con-

tinuously changing programmed voltage to the tide-generating mechanisms.

These mechanisms consist of a feedback system that is entirely self-contained

and is not dependent on computer feedback for adjustment. The system consists

of a tide control amplifier that conditions the computer signal and a bubble

tube positioner that senses the water-level position and positions the hydrau-

lically controlled inlet and outlet gates via a hydraulic pilot amplifier.

Figure 4 is a schematic of the tide-generating system. A more detailed de-

scription of the tide generators can be found in Scheffner et al. (1981).

21. Water-surface elevations throughout the model can be measured both

manually by 75 distributed point gages, and automatically by 22 water-level

detectors (WLD), which report their individual water levels to the computer

where they are stored. Water-level elevations are monitored both manually at

the ocean and automatically throughout the model during testing (Figure 3).

Manual measurements at the ocean were used to check automatic devices.

Freshwater Inflow

22. The Chesapeake Bay model is capable of reproducing a variable hydro-

graph freshwater inflow through the use of positive feedback control of river

discharges. Fresh water normally enters the model at 21 independent inflow

points representing the major tributaries of the prototype. During the Nor-

folk test, however, an additional inflow was needed on the Elizabeth River to

more accurately simulate the inflows in the lower James River watershed. Or-

dinarily, Elizabeth River flows enter the model through the inflow on the

i3
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Nansemond River. Figure 5 is a map of Lhe bay shuwing Lhe positions of the

discharge points. The Susquehanna River required two inflow systems (num-

bers 15 and 22) due to the range of freshwater inflow. As shown in Figure 5,

both these systems lead to the same discharge point.

23. Although more than 100 separate tributaries empty into Chesapeake

Bay, only 22 rivers were chosen to represent the total combined bay discharge.

Providing a separate discharge point at each minor tributary is impractical.

The sophisticated plumbing and equipment necessary for each inflow are expen-

sive and require specialized maintenance. Many of the tributaries provide in-

finitesimal flows, immeasurable with the present system used. These flows are

summed with the nominal discharge of the closest of the 22 chosen tributaries

to provide a representative and well-balanced, as well as a cost-effective,

inflow distribution.

24. Flow is controlled at the discharge points by an arrangement of

solenoid-controlled discharge ports with graduated orifices. An electrical

signal causes a solenoid to be activated, fully opening a discharge port. The

configuration of the graduated orifices is such that 4,096 combinations of

open and closed ports provide a range of flows which can be stepped from the

smallest measurable flow to the individual tributary's maximum flow. These

arrangements of ports are called digital valves.

25. Flow from the digital valves to the model is monitored continuous1y

by bearingless flowmeters of varying ranges that can be used alone or in com-

binations to provide accurate flow readings covering the full range of a

tributary's discharge. The flowmeters use fiber optics to count the revolu-

tions of a water-driven rotor. Optical pulses are translated to electrical

pulses that are summed on an arrangement of totalizers and latches on a coun-

ter card. This counter is strobed at predetermined intervals which causes the

summed value of pulses to be transferred to a transmitter and the latches

cleared for the next summation. During this study, inflows were strobed every

18 sec, or every half hour of prototype time; thus the values available for

flow calculations are not instantaneous flows but are 18-sec averages.

26. Each flowmeter in use has its own transmitter where the binary to-

tals from the counter are translated to ASCII code and transmitted to the

TI 960 model control computer in serial form via a hard-wired, cascading, mul-

tiplexed 20-ma current loop communication system.

27. In the computer, the pulse totals are transformed to flows ,ising a

l5
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linear regression derived fium pzeLebt

calibrations for each flowmeter/digital

valve combination. The computer then

compares these 18-sec averaged flows

with the desired flows for each low-

meter and determines whether the" d~gIta

valve setting should be adjustud at any

of the inflows. The teedbatk system is

activated when there is a dis;crepancy

between the desired flow and the actual

flow. Discharge ports are opened or

closed to adjust the actual t low toward

the desired flow. Time-averaged dis-

charges controlled in this manner re-

main very close to the desired hydro-

graph step values. Some overshooting

of flows may occur at the beginning of

each hydrograph step as the computer

adjusts, but flows are generally stable

within just a few update cycles. This Figure 6. TvpIcal ml Lw s%.tem

varies, of course, with the magnitude of the step change as well as with ea(h

individual flowmeter/digital valve combination. Figure b shows a typical in-

flow system used in this test.

Sewa&e Treatment Plants

28. During this study, changes in discharges of the rivers were sup-

plemented by modeling major sewage treatment plants (STP's) in the Noilolk

area. Figure 5 shows the locations of the five STP's modeled for the studv.

Table 1 is a list of the stations with their geographical lotations Dis-

charges A and B are located on the James River, discharges C and I) are loi atec

on the Elizabeth River, and discharge F is located near L.ittle Creek in the

Lower Chesapeake Bay. Engineering drawings of the STP's were tonsulted and

the discharge points were located as near as possible to those in the proto-

type. Fresh water was used as the discharge medium in all modeled S's.

Since near-field flow patterns are not easily modeled in a ,fi tortod--'-ale
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model, and since a near-field flow/

density structure was not an object of

concern, no attempt was made to repro-

duce the injection methods of prototype.

Brass lit losers were fitted to nylon

tujbing ti ottails. Figure 7 shows a

I ypc i il port ile inf low as used in the

Norto 1k fl.. rhor stuady. A (onst ant-head

C .rik' . .piro<aifatly 11) ft above the~

wiineI .trl ill ;irriv oit jdlustahle in-

t'iiiietrfl' ltr iti tutul feedi the nylon01

i li. t I I Il", I ow% r'l t e" t itrouigh

t lit, I'' s ev r d of just ed maruiia I lvasc-

I itu i e, i C i u gu ii It e.icti h fldro g rait tevs t

sc~ ry Sli Not-1 P arowe r Pl ant

]'li' 00 ro rig Water divers ion

Figurtru to TSui try1ll ft Nut I r.i Puw H ]ant Was

' imii l~tt r tit model test inrg f or the

first t ime lit tie Nor ilk ttlailtor 'Aut Hi plit Is I ocxtt-d at flog IslIanid onl

the sit he'ril Sholle "t lit, 1.irne', Hive r ( i gui es ') irni 8 .- i igi iia Electic

P'.e'rtmeer lVE14'iiu - t ii is u,e eac st imati,ii the diversion at 3,740 cts iori-

inkoils lv v~el Ot'll lilt he' liI is 11'' ' Iive A uivets ion ot this maignitude

Is sever mll tir m' kgrcItllmt tierit til- tot.al James Hi vet unflow during drought Conl-

,fit ilulls ', it- In t Iisi(1 %u .I% dvfe''nud uraasar~ r this Stud".

to Kriginer'rring it 1W ings anrd hvd rog raih i su rvey% were consulted So

tthat the ittake and turiCtat I geomet lies as well as thiir riearstiore approach

h11m1iiiet s were mode ledl to (lose' ty Approx imate prototype conidi tions. Figure 8

shows the intake andt 'til tall lottions nevar Hog Islarld arid the relaiv e close-

ness to the neare-st saltniirt samnplirug stat ionts. During the model test, the

3 , 4 0 -ct s (p rot ot ype) Ions talit bypass %.as ma t La rned bly read inrg a dis charge

rotanneter anid adelist ing a thrrottlinrg v.jIve which was attache-d to a constant

rpm cent r r tgal p ump (FiIgti re 9). Ai i denticail calibhra ted bat Hop pump was

availtable fin case the primary piump failed during testing. No significant dif-

!vrenicrc in puimp peqrft 'rmaine'e were riot t eel bet ween t he base and plan tests.
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3 1. A conistanut souiire(v sain11ity'~ is lpi(tviee tee the, iteetel ' iL

Li ining the supply stitp (F~i glue 4) it the I'llc i I I S I;-

c omp Ii isie If by a ]d1in1g s il i ceI n IIt -pI , IIt I tt , , , Ie ;. It I II .e I I In I f I I I( * t

280 ppt ) to0 t he ret irri1 sump111 whee I t. I ! I I cx t I.t t he At- 1 - ee 11 1 1 1

prior to being ci rcul.iteel toe the- seqep Iv suite i I het . - t - t li w i. ee..!.

The saturactedl br ine- sol cit iii is oe,c t Ifel -, 111 lot tc ! rle: I re'll .eJ I [I 1 .1 -

ot granulair salIt ( NaC I) t rot wh i (h i t i s l~tI i r eel"ICA" te' t ht- itile !'

measured qua~ntit ies . The -ialtwat er sijelIlv ;-,teit I~ pIe I t tieh Tii I~l~i:

soiurce sal I i iat v to w i thItin 0 .2 -) p t ot tI t ll irte (It" I Icl t-, 1 11 . ' 1 L1 N1

andt t o( W wit h i iti I. 5 ppt o t tha~it des i reel ciii i tig vI r- cal , iv-, ie ripi I lil eelsII oi

Buhle levt Sy st L ell)

312 .Thle bubblIer sys t em iii t he mceete I I s des i gieel to0 c rea t e a me io reIca I -

i Sti c vert ical sait nty di st r ilhit i onf. Sic i (I 1lcas t roioi i I III Ix i fig eiier-gv

(primarily wind) is not easilv modeled byv t itdes aned scipj I ementa 1 roughnless

alone, it was necessary to add the bubbler system lii order to maicitii ii closer

agreement with thle verti cal sal inity dist ribution in thle prototype.

33. The model bubbler system cons ists of ai network of copper tlihc ng

p1laced along the axis of the bay and its ma jor. tributacri es (Figie 10). The

tubing is charged w ith a const ant- air p ressure and releases bucbb I es into thle

water column at a constant prescribed flow rate. Throughout an\y given test

the bubble flow rate, air pressure, and bubebler depth in thle water are moni-

tored for consistency.

Current Meters

34. In this study, both magnitude and direction of currents were sam-

pled. Current magnitude measurements were made with miniature Price-type

meters (Figure 11). The center line of the model cups on the meter was about

0.04 ft above the bottom of the meter frame. The overall width of the meter

was about 0.1 ft in the model, representing a horizontal width of about 100 ft

in the prototype. Therefore distortion of the horizontal area (model to proto-

type) resulted in model velocities averaged over a much larger area than thosf
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Figure 11. Miniature Price-type

velocity current meter

of the prototype point observations. The same was Ltue for the vertical ireci

sinCe thle lhe ight of the CLIPS Oil thle meter %,as equivalIent to about 4.0( ft r-

Lotype . Current speeds were obta i ned by,, couint ing the nlumber of revo ltt1,

t he miet er made ini a I10-sec( i niterva I wi cli was equ ivalIent to about 1? -1 fln1 ii

the, prototype. I'ire iieters were calibrated frequent Iv Lo ensulre the a. nra~i(V

of measturemlent s .Ind were. capabjle of measuring actual speeds as low I,, Atin

01.01 f ps (0. 1 f ps p rot ot ype). Accuiracy of these fretcrs was about ±0I. 13 I p

(prototype) .

15 . Ciirrtiit di iect ions were recorded hourly to tine niearest I() deic by

us inrg a di rent nori vane aind direct ionr rose as shown in Figoure 12, As was, t rue

wi th the Pr ice -type mete rs , the s i ze of tie vane' resilIt S iii1 d i rect ron readligs

thait are anl averageq 1 r vris2f pooye i gr In most cases,

cuirrent di rectiron changes are fa ir ly slow som t echiici ans conuld nraiita iii read-

ing precision to within 1f0 deg.



Figure 12. Current direction vane and compass rose

Vacuum Sampl ing System

36. Salinity samples for this test were taken using a vacuum aspiration

system. A series of vacuum pumps provide a continuous vacuum to three valve

manifolds. A total of 16 valves control a varying number of cotidal stations

arranged such that sampling times are never more than 1/2 hr (prototype) from

the desired slack-water sampling time. In each case, the sample is pulled at

the same time relative to slack water. The sampling station consists of a

sampling probe built from a number of separate copper tubes soldered together

to form a multidepth probe. These copper tubes are attached to short lengths

of plastic tubing that lead to individual 10-ml test tubes. Vacuum is pro-

vided to the tubes by a vacuum/overflot jar that provides an even vacuum to

all lines. This system has proven effective in taking a very large number of

samples. The filled test tubes are removed manually from the sampling device

between sampling times and placed in special racks for later analysis.

Salinity Testing System

37. Beckman RA-5 solumeters are the primary instruments for making con-

ductivity measurements at the model (Figure 13). These meters use a salinity

probe shaped like an eyedropper into which a sample is drawn and the salinity
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Figure 13. Beckman solumeter

6W

Figure 14. Salinity data logger
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is read from an arialog meter. Analog meters urovide much opportunitV Io,

error in reading and transcript ion , and ev, tilt most cxperiericed operators

are unable to be more accurate than L percent of iull scale, which is- 0.8 ppt.

The solumeters provide a voltage output of 0 to 1t0 mv wh ith is proportional

to 0 to 100 percent of fli I sca[e. This voltage is used to drive a tlgital

voltmeter that measures to within ±0.1 my giving a resolution it 0.1 pertelt

ot full scale or 0.04 opt. In cali1-,rating the meters, it .is lfiiiid that I

given salinity standard could he repeated Lo within ipproximatcly 0.3 percent

or 0.12 ppt. l'his is in an ideal situation where temperatures, conduct ivitv,

and probe residence time are carethi [ly conrtrolled. lit, 1r t t,!ts pertormed oi

the meters indicate that most samples ca.ini he relied upon to ,itlini appox i-

mltt'tv 0.5 ppt. 'hert, are some cases where, Operat or tr rr'r or ,lectroilic proi-

eillis call cause , rger dviitions, hut thet,se art, diect blt. ani cin he iso-

lated trom tilt' data set or torret ted.

38. Tht d.! t a ogg i rig system (Figure 14) used ton this stidy titut rs tilt-

values, converted hy tilet digita voltmeters, on casset te tape iil ASCII Code

where it can he p-ocessed by the T1 980 II i I LcumloIIter lor storage. With each

samp lt' Val tie, pert inrienIt 1iforma t111 such is depth, ti ile, tide, ,In't station

flame IS added to the record. Ti -;is carl ai ie act.ompIished with iliiiilinm tf-

fort oil the part ot thi' meter operator. Direct eut cv of vaIies oil kasset t

tape precludes the ineed for keypillching antd the possibilit v of I is5llterpret.i-

tion with each transfer to a difterent meituim.
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PART 1ll. STEADY-STATE TIDE AND VELOCITY TESTS

Test Conditions

39. The purpose of the steady-state tests in the Norfolk Harbor study

was to examine the impact of channel deepening oil tidal elevations and current

velocities in the lower Chesapeake Bay and James River regions. [he data col-

lected from these hydraulic model tests were to he used in numerical hydro-

dynamic models at WES under a separate agreement with the U. S. Army Engineer

District, Norfolk, to study sediment transport and shoaling characteristics of

the dredged Norfolk shipping channels and adjacent estuary bed areas. The

proposed improvements to Norfolk Harbor and its approach channels are de-

scribed in PART I and are shown in Figure 2.

40. The term "steady state" indicates that the .vdraulic model was op-

erated under conditions Of constant river intflo- and a repe titive cosine tide

at the model ocean. The testing scheme consisted of a base (ondition in which

the model bathymetry simulated present prototype conditions with the Norfolk

channels molded to depths reported from a U. S. Army Corps of Engineers hydro-

graphic survey in 1980, and a plan condition in which the channels were

deeperied to their proposed pro~ject depths plus I it for overdepth dredging.

The tide, velocity,* and direction testing for both b.ise and plan conditions

was perftormed under the fol lowing fonur test scenarios"

Test I: The model was operated tinder ;i repetitive cosine tide vary-

ing from +2.40 to -2.40 ft N(;V'V" at the Atlantic lteall
control station. lThis approximates a spring tile (orldition
in Chesapeake Bay. The total h.Liv freshwater river inflow.
was a constait 200,000 cfs whic-h represents a relatively

high flooding condition.

Test 2: The tota]l bay discharge remained at 200,000 c s; however,

the repetitive cosine tide varied from +1.50 to -1.50 It
NGVD which approximates a neap tide condition.

Test 3: The total bay discharge was 70,000 cs which simulates the
long-term average flow into the Chesapeake Bay from all of

Velocity can be rigorously defined as a vector quantity ontaining speed
and direction. It is, however, commonly used as a scalar quantity describ-

ing current speed in either a flood or ebb directio;. Hereafter, velocity
will be used as a description of current speed unless otherwise tioted.

All elevations cited herein are in feet referred to the National Geodetic

Vertical Datum (NGVD), though on some fig,,ures ro, plates "It msl" is used.



itLs L Ii ibuLa i ic-s. 'rik dppiiilitt q, iiI t i~deva Viyiig~ fcioi

+2.40 to -2.40 f't was gerierate'f at tile oceanl.

rTest 4: The total bay discharge rema ined at 70,000 ( Is and tie( ap-
proximate rip tide varying from +1. r)O to -1 .50t it was
generated ait the ocean.

41. St eidy-stIate di scharges for each of the 2 1 modelI river l i lows are

S I'Imaried III Table 21. in additionl to thle river lilt lows, I ive sewage treat-

ment plats aindu the Siirry Nurclear Power Plant cool Inig water divers ion Were

opera~ted thlrouighout the fouir steady-state tests. Locatirons of tite sewaige

tr-eai t liltit I.plant s and the Sir ry plant are shown ill Figure ) Wi thr their i.oordi -

nlates arid steady-staite dishargr' r-ites given Ii Table I.

42 . Dlrr ig lothi theii steajdv-staite aind dVriliic tests, t iii' Were gelrrer-

it ef on lv .it t lie AtIini it eiri hoiriv . lilt' imodl i s c(ilai I e of genieiat ing

tI des ait t fit D~e I IW1I ve Bay, end ofI t lie( (A~) Canit huli tlii S a " nIot doli lldi r I fig

the N(.riol k study. Flte leixare liay tide, Sourfce I,,sii icit ly distiait itroril

the study airt- t,) mike ts iii' lou Jr ls Igli ItiriJt iridj iert.1iiry [iot tost-

ef iectle.

4. . VI'll seenj ru k' c ; I i iti t. v i , t lit, (,ut i I it' mel I stI id I is- 12 . I pprt . Coli-

tr(e I oft t' e rc Na I i ri 1 1t y 'lilt I rig tilit' stO.t'.S tatev testsN was oti 11 1f r10 f ge1-1

W'I t 1i .1riv Jri 114 an V yIIt I lris ht rig I itcapa.ble oI ails I fig .1N, clserV.1hIt, fist'

.'eriuS1 p1ln dift'eric11es Iii tides or velue. it ies . A (Orrilete doiiimentatiron cif

ill melt' l h,eill ivilda 1 it ions diurring these, tests is ava lible (WalItz arid

Mlo T t oI1 1)8 2

T Ide lest lDati a a It ( Resl ts

44. lDrir Irrg s L'iely- st tet' test i rig , modelI t ide observat loris we re made, at

the( 16 sta~t tins shown ili i giure I' arid ait one( ti the ocean . The 17 statiorrs

irc I i sted Iii Table 3. Tide i'Ievit ions were' recorded hourly (every It) sec

real -t ime ) over two tide cycles or 24.84 prototype ecpiiiva lent hours . tihs,

tde' measiiremet'its we re marde hoth Iirit ia 1 Iy using g raduiated po int gages at tachied

to) portable tripod supports and antoumat icalIly us inrg elect ron ic water-level

detectors. Data from Lte water-level detectors were stored onl flexible

diskettes via the model control computer.

45. Tide station locations were determined by the reqluiremenits of the

numerical hydrodynamic models to be rised in the sediment transport studies at

WES . Major boundaries of the two nutmerical hydrodynamic models were at range
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CBO0 vi the raht, CBOI on the no-th, range JGOI at the mouth of the James

River, and range JG03 at the upstream boundary on the James. To adequately

describe cross-sectional water-surface slopes, three tide stations were lo-

cated across range CBOO at the mouth of Chesapeake Bay, and three stations

were positioned across range CBOI. Since the James River boundary ranges had

relatively short widths, their cross-sectional water-surface slopes were es-

sentially horizontal in the model and could be described by a single tide

stat ion.

46. During the base and plan steady-state tests, over 3,400 discrete

hourly tide elevation data points were collected from the 17 manual sampling

stations. The data set is complete with the exception of sta TSOOO5 which is

missing from base tests 2 and 3. From each station for each test, 25 con-

secutive hourly tide elevations constituting two complete tidal cycles were

fitted to tile following expression:

hi(t) = A + a cos I2nwt -2O(
0 360 360/ 1)

where

h(t) = tide height, ft

t = time, hr

A = mean water level, ft, of hourly tides
0

a = amplitude, ft

W = M c2 constituent angular velocity, 26.984104 deg/hr

0 = phase angle or epoch, (leg, from zero lunar hour

47. Resulting cosine-fitted curves for the observed tides are shown in

Plates 1-17, and the computed mean water level (A ), amplitude (a), and phase
0

angle (0) ;,re listed in Tables 4A-4D along with base to plan comparisons. Thc

va!ue, R*-,'2 , shown in Plates 1-112 is a statistic that measures the goodness

of fit of the cosine curve through the individual data points with a value of

1.0 being an exact fit.

48. Manual point gages are graduated to 0.001 ft (0.1 ft prototype

equivalent) and can be estimated to the nearest 0.0005 ft (0.05 ft prototype).

Thus it is reasonable to assume that the accuracy of the manual point gages

for a single tide measurement is ±0.10 ft (prototype) depending upon a number

of variables including the keenness of the technician's eye, the delicacy of

his or her touch in lowering the point gage to the water surface, and the pres-

cnce or absence of s;mall ,7ater-surface ripples at the instant of menairement.
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A,, it a , t . ,,mputed nmcan watcr , vI and t lAa' .amp! i tud r:. tiheref ,re

also assumed to be ±0.10 tt (prototype).

4 'Z. "ZtYo- I una r-hour" is the t i me reference used to ensu re that mea-

surements made i n t he model can be comipared with those taken i n the prototype.

Zero- I una -hour occurs when the moon is dl rect I y over Chesapeake Bay . For the

motdel reverit ficatnon tests conducted in 1l981, the model clock in the ocean

tide control hut was set so that zero- lunar-hour occurred at hour 6.6 (191 deg

epoch). This same clock setting was also used for both base and plan tests of

the Norfolk Harbor study. The procedure for setting the model clock was some-

what subjective. A technician would take a succession of readings at the

ocean point gage, the time between readings normally being between 6 and

10 sec (real-ttme) . tpon noticing that tie peak of the tidal wave had oc-

curred, the techrCi lan would ther note tile t ime on the model clock and adjust

it to houi 6 . it necessa rv . The time lag from the instant of actual tidal

peak occurrence to tie instant that the technician perceives this peak could

he as great is ,7 sec ( 14 deg epoch) . Ilr general , no adjustments were made to

tie cI, ck nil ess hligh-water o-currence varied by 0.5 thr or more from the dc-

s red hotir 0 .

50. Ytciri r irans are cried by a be I t imiing system which rings for a dura-

Irin of 10 sec at the start of each prototype hour, and they are instructel to

make their tide measurements as near as possible to the beginning of the bell.

It is believed that discrepaicies in time of measurement could cause as much

as an 8-deg error in epoch Alen considering a discrete tide observation.

Hence it is reasoniable to assune that tle raw model phase aungles are accurate

to within ±-22 deg.

51 . Plan-mintus-base amplitude differences tor the four tests are snmMa-

rized in Tabie 5. Very little change in amplitude was noticed between base

and pla'r tests. From the differences listed in Table 5, one may be able to

deduce trends indicating a slight increase in amplitude for tlie plart conditior,

during Test 1, slight decreases in plarn amplitudes during Tests 2 and 3, and

essentially no change during Test 4. However, the largest change in amplitudf

measured in the model was -0.08 ft at sta CBOOO8 during Test 3. This is

within the accuracy limitations of the model; thus any differences listed in

Table 5 are considered due to random measurement error inherent in the model

and not a result of channel deepening.

52. Plan-minus-base mean water-level differences for all four tests are

30



sunmarized in Table 6. Computed ,ed[i wacti-level ,ifftI ealtrs [ugl the rleai

point gages were nearly uninterpretable due to two problems that existed in

the model during testing:

a. The portable tripods on which the manual point gages were
mounted were not stable enough for the degree of accuracy re-
quired to interpret base-to-plan mean water-level changes. The
procedure for referencing these point gages to a datum involved
lowering the point of the gage to a submerged fixed pin whose
elevation was known. However, the pressure exerted in touching
the point to the pin was apparently great enough in many cases
to cause the entire tripod to tilt by as much as 0.30 ft (protc-
type). This may account for the anomalous values in Table 6.

b. In the ocean tide hut, the model is controlled by a bubble tub(
positioner (BTP) and a fixed-point gage housed inside a baffle
pit. The main purpose of the baffle pit was to prevent surface
waves from interfering with the tide sensing equipment. Prior

to the start of the Norfolk Harbor study, this baffle pit was
reconstructed using solid barriers to prevent the thin fresh-
water lens, which accumulates in the ocean as a result of river
inflows, from being sensed by the BTP. This baffle pit, there-
fore, prevented the horizontal exchange of ocean water on the
outside with essentially stagnant water on the inside. Near
the completion of the plan test, an experiment was performed in
which it was discovered that the water inside the baffle pit
was 4.5 ppt less saline than an equivalent column of ocean
water on the outside.

53. The model computer controlled the level in the model so that the

mean water level at the ocean station within the baffle pit was 0.00 ft. How-

ever, the laws of fluid statics state that existence of a 4 .5-ppt density dif-

ference will cause the plane of the model outside the baffle pit to be 0.14 ft

less than the plane within the baffle pit. The only fixed-point age other

than the ocean station that was monitored during the Norfolk Harbor tests was

sta 3 at Old Point Comfort on the James River. It is evident in Table 6 that

the plan-minus-base mean water-level difference is -0.14 ft at sta 3 just as

the aforementioned experiment concluded. No data are available from the base

tests to confirm whether a density difference was present in the ocean baffle

pit; however, based on the data from sta 3, it is assumed that no such differ-

ence existed at that time. Therefore it is reasonable to treat this as a sys-

tematic error and apply an approximate additive correction of +0.14 ft to all

base-to-plan mean water-level differences (see adjusted mean water-level dif-

ferences in Table 6).

54. Although the unstable tripods have created an error which cannot be

filtered out of the mean water-level data, it is interesting to notp that the
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tor Test 1, +0.Ob ft tor Test 2, +0.01 ft for Test 3, and -0.05 It for Test 4.

The overall mean of all tour tests comhined showed a dif terei(oe of 0.00 It.

Based on these averages, a general ife rence (al he made that on t he wh,le,

channel deepening caused no changes in mean water levels in this model study.

55. All phase angles listed in Tables 4A-41) have been normalized to a

standard ocean station phase of 191 deg and are summarized in Table 7 along

with plan-minus-base differences. By normalizing all phase angles to the

ocean station, the error in model control of the occurrence of high water at

hour 6.6 has been filtered out of all measurements. Any remaining base-to-

plan discrepancies in phase can now be attributed either to the time-of-

measurement random sampling error, or to the effects of channel deepening, or

a combination of both. Plan-minus-base differences in Table 7 are all within

the ±18 deg time-of-measurement error hand. Thus the model evidence indicates

that all phase differences are due to random sampling errors rather than the

result of deepening Norfolk Harbor and its approach channels.

Ve 1o cit yjTests

56. Current velocities in the Chesapeake Bay model are largely the re-

sult of three factors: tides, freshwater discharges, and salinity density gra-

dients. Of these, the most important factor affecting current velocities is

the amplitude of the tide which varies throughout the model depending on the

local bathymetry. Freshwater discharge plays a variable role depending upon

its magnitude and the estuary cross-sectional geometry, the most significant

effect being in the upper reaches of tributaries. Existence of a salinity den-

sity gradient causes a multilayer flow system to be formed in which the denser

bottom water tends to move predominantly in the flood direction (upstream)

while the fresher surface layer flows mainly in the ebb direction (downstream).

57. Model velocities were measured at 32 sampling stations during the

four steady-state tests. Velocity observations were collected concurrently

with the tide elevations discussed in the previous section. In addition, cur-

rent direction data were collected at 26 of the velocity sampling stations.

Six stations (EH 0203, 0501, 0701, 0901, EE 0301, and WB 0201) were located ill

constricted channel areas where direction measurements were unnecessary.

Locations of the velocity stations are shown in Figure 16 and are listed in

Table 8.
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58. Station locations were dete mined primarily by buuudaiy Leyuisc-

ments of the numerical hydrodynamic and sediment transport models at WES.

Velocities were s.impled across ranges CB00, CBOI, JGOI, and JG03 which defined

transverse boundaries in the mathematical models. Additional samples were

taken in the Norfolk approach channels and in the Elizabeth River and its

tributaries. Depending upon total station depth, velocities and directions

were generally sampled at the surface, middle, and bottom. At stations lo-

cated within the Norfolk approach channels, velocities were collected at coin-

cident depths for both base and ;lan channel configurations with an additional

deeper bottom depth sampled during the plan test (Figure 17).

Velocity

S- npling Depth
Station EH-05-O

15-

- 20-

25-

30-

Base
I / Channel

35- 
'-e

40-\
0 I Pla n

Channel

45-

\ i

50-4 1 T '

0 00 400 600 g0

Width, ft

Figure 17. Typical velocity sampling scheme

59. The testing equipment included miniature Price-type velocity meters

and a small direction vane, both of which are discussed in PART 11. Velocity

iaagnitude and direction mcasuremcnt:; '.'cre reccordd every hour (36 sec
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Ui I Ht, tirtaL i fIme IM IIS III of one' ye ioi i I iL e Vp 11 e 111 1, 6 . f( (l j d L I4 I

1n iaiiett r anid has an area ofit .I 00 126i s ( it. Due, t ( the 1t st or t ved sci I e of

thfe Ilrlde I , tis , co ro s p Ill t Lo air n oqn i VA levntt prot otvpe area of 1260.5 s-i ft iii

the shape, ot in ellIipse hiving a seillimia or hur i7olilt i axi of 200 ft trl .iif.

semisi nor verticl axis of 2 ft. Because of tills icl I e I t~te, Veo IIit it-

llhiasured inl the model canniot he int erpreteid is eqiv i Ient plrot otyvpe point

veloc itie-s; instead, they correspond to prototype velocities iver'lged (,Vft thte

a1rea of the equ ivalIen t elli pse.

Velocity Data Analysis

62. Over Q2,000 di screte veloc itv and di rect ion measuremnrts w.e re re-

corded dur infg the base and] pla in test s. A t echI s amipIi inig dfep)ti , 2 5 c, i ils(fO11t iVO f

h ou r I'v velo0C ityV o b se rva t ionis c urlis t itiL I!Ig t wo tid(AalI c v -Ies w-,e r e I i ttetd to( t

tolIlowing eq~ua t ion us i ug a ha rmon i c least s qua res c urve f i L t i ri g t e if~ quei f

I2nat 2 iTOVWt U + ii C)5 - _
0 (360) 360) (

whei re

vOt) =current velocity, fps

t =time, hr

U = mean velocity, fps of the hourly observations
0

u =amp 1 itude , fps

Uw = N constituent anigular velocity, 28.984104 deg/hir

H phase angle, dleg

The confidence of the compiute v( elIoc ity constants (phase (0), amplitude In),

and mean (U,) )) is generallIy greater than that of a discrete measurement since

,ill 25 hourly obse-rvations are used in the analysis. T[he velocity constants

a re relatively insens it ive to a few out I iers .

613. I nti vidualI velIoci ty observat i ons, and cos ine- f ittedt curves t or bothI

thte base anti plan condit ions are shown in Plates 18- 112 . Velocity constants

are listed in Tables 9A-91). Plan-minus-base differences inl the velocity con-

stants, for the Four ste Ay-state tests aird summary statist ics are given iii

Tables IOA-lOI).

64. The inertial and frictional forces inherent in the velocity meters

in~i-utluke relatively large instrument errors at low current velocities;
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hiuevei , as the cufient speed inc reases these instrument errors dcireasc.

Thus a higher degree of confidence can be placed in the discrete maximum flood

and maximum ebb velocities measured in the model such that plan-to-base com-

parisons are meaningtul. Each set of 25 hourly velocities contained two maxi-

mum flood and two maximum ebb velocity measurements. These two maximums were

averaged and are listed in Tables IIA-1) under the "MODEL DATA" heading.

Also, maximum flood and ebb velocities computed from the harmonic Fourier

analysis are given in Tables 11A-11D under the "HARMONIC ANALYSIS" heading.

Plan-minus-base maximum flood and ebb differences and summary statistics are

given in Tables 12A-12F. Plates 113-144 show the maximum flood and ebb ve-

locity profiles for both the base and plan tests.

65. The concept of flow predominance is useful in analyzing the effects

of density-induced currents on velocities. Consider the conventional velocity

versus time plot in Figure 18. The shaded area under the ebb portion of the

curve is divided by the sum of the areas under the ebb curve and flood curve.

The result is called the flow predominance and is defined as the percent of

the total flow per tide cycle that is moving in the ebb direction at a given

velocity sampling depth. In a partly mixed estuary such as Chesapeake Bay,

the bottom flow predominance will be mainly in the flood direction within the

salinity wedge, and the surface flow predominance will be in the ebb

3

2

07 1__3_4 5__7__9_0_1_1 _

0
U

-1 EBBSAREA

-2

-31J

TIME, HR

Figure 18. Definition sketch" flow predominance
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direction. ihe flow predominance percentages tor the tour steady-state tests

along with plan-minus-base differences and summary statistics are listed in

Tables 13A-13B.

Velocity 'rest Results

Plan-to-base velocity plhase comparisons

6b. Current velocity phase is the time (in degrees) o maximum flood

velocity referenced to zero-lunar-hour. A complete tidal cycle in the model

is 12.4206 model hours (360 deg) in length. 'Fhe confidence of velocity

phasing is approximately '0 (leg. Frequency-of-occurrence statistics of iIlal-

minis-base phase differences are provided in Table 1013. Nearly 30 percent of

the plan and b.1se valtes were within .5 deg of one another, 67 percent were

within 10 leg, nearIv 87 percent were within 15 leg, and nearly 97 percent

were within l the 20-de~p onf i delce hand. T, ble 1OA shows that during TesL I

the plan phase occurs t)4 leg prior to the base phase at sta JG0103 at depth

81 ft. A ve locity meter problem was evident during the base test and this

p'hase vi! tie should [iot be (onsideredt. Also, at sta EH0901 and depth 35 ft

luring Test 2 and at sta EEO3OI and depth 21 ft during Test 4 the velocities

were s,, low that lhr'shld-of-mit io problems were experienced resulting in

lrlomalous pii rig Uilv 10 ) 2. 9 pe rcernt) phase discrepincies fall outside i tle

20-deg (orit ilhrre hbind with ill hut one occurring in the Elizabeth River at

sta E11002, EHI02(), ind EHOW.I It jppears that the deepened Elizabeth River

channel with its Iirger cross-.ect onal area reduced velocities suft iciently

to cause the velocitV meters to occasionally operate within their threshold-

of-motion ranges resulting in the anomalous data. Thus any phase differences

outside the ±20 (deg conidenice band should be viewed with reservation.

67. The conclusion is that channel deepening has caused only minimal

phasing differences between base and plan tests. The only sampling depth at

which a phase difference trend seemed evident was at sta EHO501, depth 39 ft,

which is at the confluence of the Eastern and Southern Branches of the Eliza-

beth River. Here the plan phase consistently arrived earlier than the base

phase.

Plan-to-base yeloumty

aml I i tude comia r I Sons

. Cis i iit \vIok i ty ampi tudcs are dcfined as one-hal f of the range

18



bettweent' i t- MtAX Ifilttillti I Ioti Alii ti~ it I I tIJX i eoh Vt' I t it's I I om Inlt- ( ts tit- I 1. 1 t

AllI 25 hour- Iv vi' it t obsi' rvat lol' tinsa ri ta~kenl lito 0 itoinit In tilie IDIp itildt'

k 0mpult It 1ti ( s1, o grt'.1ttir r olt i dt'rCe calli he 1 laced ill tiihe JOpt I it tItt' Va I ieis I h'it

ti a iliscreti' ve'loci l observatt ion. s'ejieiyo torreii 1 at i st I Us of

plallirimiis-hbist impl I tilde dii Iere'rmis art' given ti 'alab I 0IC. Oiver 27 peir~ttt

ot the bast, anti p1latn velIoc it y -imp I i tiides we re w i tIin 0 .t 101ps of t'II aliot h I

over- 52 percenit werev within t) 20 1 ps, Over- 73 percent werev wit hi ii 1)30 I ps

,and, about 84 per'tvIt weret withlin i 040 tips. The re was anl ovei'raI t r('rd t owa rd

diecreaset amp Iit odjes inl tlit' 1p1an1 test. 1) the' 147 amp 1tutle di itierenre v,tito's,

97 (28 percent)' wert' greater- than 0.00) fps while, 2')0 (12 percent ) wert' le'ss

thanl 0.00 fps . The overall mean oft t'e amplIitude' di ft erenices inrd icate t'l

0. 13- ips decreaset' tilt- pmi t e!t . 'rii is ecrease tin ve! or it amplIittie III

the p lan test mneets thet vxpe'ttrtiv assort ated with tit'eperretl chantiels and thet

r('sallt ing larger- cross-sectt nI aras

09 . Atioma I otis amp I i t ittli' Ia ties art' ev idenit a t s t a t.B0009 and st a JG) 103l

depthIs 66 intl 83 fit , r-espect i ve lv, ttt ,i g bse 'rest I and shoulId riot be (-oil-

s i der-ed tIIt to met er- r list riitri'rt err iors . 'te largest p1 at-to-base dectreases ini

amp litudie are btetween'r 0.8(0 anid 1 .00 ps ind occur diir inrg Trest I (200, 000-tt s

dischairgt' with spr-ing tiid's) it sta (GO 1(2, F110202 , and E11O2OA. The lar-gest

pl ar-to-base increases ili inmplitutde art' 0.')0 fps at sta CBOOO6 , depthi 4 it

dir ing 'rest I andI 0.51 fp iSat s1.3 YSI)01 , dieptht 25 ft , dur inrg Test 21.

70. By inhspectioii oh TabeIts IOA, 1 f11, anti 10C'. t rends canti be seenl inl

the ampIi ut' changes ht' to climtini detiepeninrg wit bout r-ega tld to .I spec ifit

freshwater d ischa rge' or ti tie range . Onl the( average,* the stat iotis otit riangi

CBOO show p1 an-to-base tiervae't's iii amrpIitudet withI tite except i on of CIIO004 anri&

CBtOO06 Which show, slight i nirt'as's . Art overall decrease in ampl itilde ill tie(

plan t est is alIsit evidenit at toss r-ange CRO I w it h t ile except iont ot t it(' silil act'

dlep th at 130109 il. St .t ,A1'i02 shows an amp litutite dectrea se at the stir lace atndl

ntttitl I'Witl[(' thle bitto iti rpl it tldes t'rna inei etsetit ialIly tilt' sdtl ti thet pkian

est s. Stl Yn~SOO() shows art1 .1mntp Iitildt dec'(rease3 at the sun ace anti avera ges

i'sserit i .1l l nit liaige at tih' tmiddle arid bot tom. Sta 'iS0003 intdicrates a tie-

crease in surfiar, anid midlet amnpl itudes and es'' t ial ly no change it thle hot -

torn. St a '[50005 inri cates a decirca se at the so tlare , rio change in thle m idtdl e,

atnd -in increase at the( bottom. Interest ingly, the ent ranice to the James Rivet

at range .IGt)I shows p1larn tiecreases in amplitutde at the ott-of -chaie I stati oti

wieIi tile deep nat ural chanrel 1 :ta J1,30101 nihown; an increase in ampl itutd' :it
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ared ist r ibut juni of the I IOW patter-1 it Lte in, aI t he )Jillls . 'Ihe othle r t o

.Lames ranges , JN02 arnd JG63 , show s I i gilt dt-( I 1ae 1. IAm If I I iti e~seiit I aI l'y

.ic-ross both, ranges . The stat1ins 1in t he EIi /abhet h R i ver indl i ts t r ibit an IIes,

al I show decreases in pl ani amp I i Liude% eX rep t thle hot tLoin (It'p t h's -it st~ E HOS()

anrd EI-1OYGI which Ind icate esselit jalI ly rio ( han1ge In Ih ()ill t plan.i

Pla n- to-base mean ye I oc ty Lvompa r i s onis

71 . The mean ctirrent ye Ioc i t y i s s imnil I v the nuiri o tt he 25 hou r I

ye boc i t y measurement s at a g i veii saifp I i rig dept ii . [he Illeal Vt. I ')c i t y gI ves ala

ind]i cat i on of flIow predomirianie, , pos it y e be i rig t I ot p i edoi rianice arid iiegat i ve

being ebb predominance. [hle f requen V-o0f -rC ( IJ re I) k st It Ities ICOf p1I arln-l jus-

base mean veloci ty di f ferenues a re i sted iiill le 101). N',re. thiJn t0 perc ent

of the base arid p tli mean veloiities were wi ti Iit 0 . 10 ti" ps'I ,fiv allot her , over

86 percent were wi thinl 0 .20 ps , nearly 95 pier(erit wecre si t rIl1 0. 301)p , '.in

over 97 percent were within 0.40 fps . The meain of ttr'sd liI fereri( es fir earl:

of the four steady-state tests was clIose to 0(. 00)fIps is, .. s t he over Iril meali

ot the entire a'ata set. This indi cates thait ( iIrre dcep' oiiig tail I it t le un1-

pact on the mean current veloci ties when the (,lit i re tait .i set is ((5 oi,,idered.

72. The average overall plan-minius-lrasr iniari vel Iv at\ i t fce'n cs' at

each sampi ing depth for the four tests are gi vrr ill T~ibl 101). 1 lispei, t I ori of

Table IOA shows that sampl ing points at Wich 1 the rnlanII 0 1rl it ll reiseal

with channel deepening dluring allI four test!- ire:

CBOOOI Depth 4 ft

TS00O3 Depths 4 andl 4t) it

JG0103 Depths 22 and 60 ft

JN0204 Depth 48 ftL

EHO701 Depth 4 ft

Sampling points showing a decrease in plan mean velocity for all four tests

a re:

CB0004 Depth 4 ft

TS0005 Depth 50 ft

EH0202 Depth 46 ft

All other stations show either essentially no change from base-to-plaii condi-

tions or an increase during one test and a decrease in another.
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Pldn-Lo-base ulaXinln flood

and ebb velocity _comparisons

73. Since the maximum flood and ebb velocities are normally well out-

side the threshold-of-motion range, a high degree of confidence can be placed

on these measurements making plan-to-base comparisons meaningful. The plan-

minus-base maximum flood arid ebb velocity differences are presented in two

forms: (a) the differences using discrete model measurements are given in

Table 12A, and (b) the differences using the peaks of the harmonic cosine-fit

curve are given in Table 12B. Anomalous data at sta CBOO8, all depths, and

JGOIO3, depth 83 ft, during Test I were not considered in the analyses.

74. From the frequency-of-occurrence statistics in Tables 12C-12F, the

following summary of the overall data set shows the percent occurrence within

certain intervals:

Maximum Flood Maximum Ebb
percent __ percent

Cosine- Cosine-
Model Fit Model Fit

Interval Data Data Data Data

Plan and base within 0.10 fps 27.9 29.9 21.3 22.3

Plan arid base within 0.20 fps 51.5 55.2 42.9 46.3

Plan and base within 0.30 fps 69.3 72.7 61.7 62.3

Plan and base within 0.40 fps 81.9 84.4 73.8 76.6

When considering overall averages from the four tests, the prevailing trend

indicates that the maximum flood and ebb velocities decrease by approximately

0.10 fps after channel deepening. The largest average change was during

Test 4 (70,000-cfs discharge with neap tide range) where plan maximum flood

and ebb velocities decreased about 0.20 fps. The overall maximum flood and

ebb velocity magnitudes were reduced slightly because of the increase in cross-

sectional area associated with the deeper plan channels.

75. Plates 113-144 show two sets of maximum flood and ebb velocity pro-

files for each steady-state test at each station. One set is labeled "model

data" and represents the actual maximun flood and ebb velocities measured in

the model. The other set is labeled "harmonic data" and represents the maxi-

mum flood and ebb velocities taken from the harmonic cosine-fit curve result-

ing from the harmonic analysis of the 25 hourly velocity observations. Most

often the model and harmonic profiles are in agreement. However, there are
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times when the harmonic profile show.; better plan-to-base agreement than does

the model data profile (e.g., see the ebb profile for sta TS0005 during Test 2

in Plate 127). Likewise, there are occasions when the model data profile

shows slightly better plan-to-base agreement than does the harmonic profile

(e.g., see the ebb profile for sta CB0008 during Test 2 in Plate 117). both

sets of velocity profiles were given equal weight and were used as references

to formulate the following specific comments:

a. The maximum flood and ebb velocities at range CB00 for both
base and plan conditions were essentially the same with the ex-
ception of sta CB0002 which shows lower ebb velocities (luring
the plan Tests I and 2 (200,000-cfs discharge), sta CB0004
which showed increased flood and ebb during Test 2 and sta
CB0008 which showed reduced flood and ebb during Test 4. )e-
creases in plan maximum velocities can be seen at sta CB0009.

b. Across range CBOI, the overall trend was for maximum flood and
ebb velocities to decrease slightly along the western half of
the range and remain essentially the same along the eastern
half during the plan test.

c. At sta AC0002, the effects of the new Atlantic Ocean channel
can be clearly seen in Plate 125. The deepened channel with
its larger cross-sectional area causes a decrease in plan
velocities at the surface and middle depths.

d. At sta TS0003, the plan maximum ebb velocities tend to decrease
at the surface while the flood velocities show little change
except during Tests I and 4 where there is a decrease of about
0.40 fps at the surface and middle depths. At TS0005, the max-
imum velocity profiles are essentially the same from base-to-
plan conditions except for the middle depth during Test 4 which
becomes more f0lood predominant.

e. At the mouth of the .lames River, sta JGOIO and JGO02 both in-
dicate a general decrease in maximum velocities of about 0.20
to 1.00 fps. Sta JGO03 (Plate 131) contains anomalous data at
depth 83 ft during base Test 1; however, there is an indication
of increased velocities at bottom depths during the spring tide
range (Tests I and 3) while the entire velocity profile remains
unchanged during neap tides (Tests 2 and 4).

f. At JN0204, which is stationed within the deepened Norfolk
Harbor Channel, a decrease of about 0.40 fps occurs generally
throughout the entire velocity profile during Test 3 while an
increase of about 0.50 fps in surface ebb is apparent during
Test 1 with a lower increase for Test 2.

8" Sta JG0302 is interesting because a 0.20- to 1.00-fps decrease
is evident throughout the plan flood and ebb velocity profiles

during Tests 3 and 4 (70,000-cls discharge). However, there is
an increase of about 0.35 fps throughout the entire flood and
ebb profile during Test i. Test 2 shows essentially no change.
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h. SLa EH0202 is aiioLliet good examIple showing how chaniiel deepen-
ing causes a decrease in velocities within the channel (the
base velocities during Test 2, however, appear to be within the
threshold-of-motion range of the velocity meter and should not
be considered). All velocity stations within the deepened
Elizabeth River channel show a general decrease in maximum

flood and ebb velocities of 0.10 to 0.40 fps throughout the
vertical profile.

Plan-to-base flow
predominance compar isons

76. Flow predominance values are given in percent of flow in the ebb

direction in Table 13A. Frequency-of-occurrence statistics for plan-minus-

base flow predominance differences are given in Table 13B. Overall, about

66 percent of the differences were within 5 percent, over 83 percent were

within 10 percent, about 92 percent were within 15 percent, and nearly 97 per-

cent were within 20 percent. The overall mean difference was -0.57 percent.

Tests I and 2 with the high 200,000-cfs discharge show slightly overall in-

creased ebb predominance during the plan conditions while Tests 3 and 4 with

the lower 70,000-cfs discharge indicate that channel deepening will decrease

ebb predominance slightly. It sbhuld he mentioned, however, that the sampling

stations represent a finite number of points and do not portray the entire

cross section. Other stations across the section, if they were sampled, might

have refuted these observations.

77. A more general conception of flow conditions in the James River and

Elizabeth River is shown in Figures 19 and 20 where surface and bottom flow

predominance profiles have been plotted along the estuary channels. Plan-

versus-base chanres are subtle in the James River, normally not varying by

more than 5 or 10 percent; however, consistent trends are evident. Plan-

versus-base variations in the flow predominance profile are more apparent in

the Elizabeth River. However, it must be remembered that velocity meters were

operating near the threshold-of-motion range, so less confidence can he placed

in the Elizabeth River measurements. Again, consistent trends are evident.

78. Saltwater intrusion is important to estuary sedimentation because

saline water causes flocculation of suspended clay particles and density cur-

rents tend to move sediments upstream along the bottom. Thus sediments enter-

ing the estuary may become trapped instead of moving back out to sea. Fre-

quently, the heaviest shoaling occurs between the high-water and low-water
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position 3f the upstream limit of salinity intrusicn. Although shoal ing de-

penis largely on the abi I ity of bottom currents to move bed materials upstream,

the most likely region in thich the heaviest shoaling will occur is the reatch

bracketing the 50 percent value (or null point) on the bottom flow predominaice

profile (Schultz and Simmons 1957). In both the James and Elizabeth Rivers,

the location ot this null point remains basically the same from base-to-plan

conditions. Hence, channel deepening should not change the present locations

of the heaviest shoaling in the James and Elizabeth Rivers. On the other hand,

there are several isolated instances where the plan condition reversed the di-

rection of bottom flow predominance. This should indicate a signiticant

change in local shoaling during those particular flo%, and tide conditions.

However, this model study cannot directly predict liether the magnitude of

shoal ing will change with channel deepening. It Is important to under. tand

that the locations of these heavy shoaling are.is ea-iirit ho pinipinted exactly

in the model and are only "best guess" interpretat ions , t model velou itv mea-

surements. In order to determine, shoal ing loiat ionls more at( urately, It more

dense yelocity sampling network woold be neke ssairy. The yelocity sampliiig

scheme used in this study was prima rily determined by the requirements o the

numerical lydrodynam ic models that will p erfornm ) tmuch ino ccI ri gorons sedimenta-

tion and shoaling analysis than was presented herein.

Tide and Velocity Sumunary

79 . Any changes in tide elevations, ampl itudes, and phasing due to chat -

nel deepening were sufficiently small that they remained undetectable with the

measurement techniques used at the hydraulic model .

80. Se veral subtle velocity variations in the model tests were ap-

parently due to channel deepening. An overall average decrease in velocity

amplitude of about 0.13 fps was observed in the plan test. This decrease is

consistent with the principle of continuity which states that for a given flow

rate the velocity will vary inversely uith the cross-sectional area. Simi -

larly, the maximun flood and ebb velocities tend to decrease by approximately

0.10 fps on the average during the play test . During the high discharge test ,

the overall ebb predominance increased slightly. During the 70,000-cis dis-

charge tests, which represent the long-term average annual flow into Chesa-

pea4kp Bay, the oxu'rall 01eh predominanre decreased slightly. But it must be

4o



welrV locat ed in the channlIs, so they Would tee I thlt im1pact of salini ty mnt r-

s ion more thanl thle shal1loi~-WaLer stat ions and won i ( also tend to hi as thle ove-

all f low predomi nance mean ditfferenices r-eterred to in Table 13. Hlence , nio

f i rm ~onc I us ionrs corice rn i rg sa I i fit y in t rus i on int o thle es tua rv can he made

from the velocity data. Deepening Lt Norfolk channels should not a ffect the

present locat ion ot heavijest shoalinug in thle James and El izahethi channels,

based onl the limited number of samnpli ng stat ions used inl this study.
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PART' LV: DYINAIMiC SAL NtTY TESTING

rest C.onit~it1ons

81. Dynamic salinity testinug for Lte Norfolk Harbor study was designted

so that. model respouse to base and plan geometries coul d he s ilmiilited for aI

range ot naturally occur-ring prototype condi tions. The salini tv st ructuire of

the prototype, particularly in thre lower bay' and James River arris sensi -

tivye to a niumbe r of" bounidiary cond it ionis that (,ii he s imuil at ed li t he niiodelI

The two most important conidi tions are the hligh Ivar i abile niature of freshwat e

input and the cyclIi cal [leap-to-spring variations li the t ides.

82. The effect of freshwater input oft part jalV lv rixed esltuairies is %,-. I

docuimented in the literatu re. si mp ly stalted, it has been ShoWnl in) niir ra'"S

estuaries that increasing freshwater iniput nps.t reaml tendsh to ',t rati I lv t ti,-

estuary g iveni conistanit tidal conditions, While dtecreai lg mt flows io r

homogen i z fiug et-ffect. It thte degree ofI s t raLt i (cat io(n I s not a I t e t (Iir~is-t I

cal IIV , anl inrc rea se ill t res IIwa1t er I t 1111O' redu11CeVs th li'p11S t I-( amil ext ent ot I- It

w,i ter i tit mts ion and v ice versa . FV ida] I I iit I li, e 1 n Ct 11S3a I in i t s st 1-11kt u re lha 5

tsobeel S tuLd ied 1iii th11e paIS t b)uit ge IIe ra I lvI .11 s t (I IfV-t It I a s 1 il bI

serving (tit ferent conls tant amIip I i t lude t Ides t I a!t t I t Ill, Ix Immil III and iII Imw

va r i a t ot(i, il tf lie t i da 1 re co rd I

83 . Howeve r , t [it p) rotL ot vpe tideit record Ii n(he sa pea ke Ha V * is wt, I I i II

ot her estuaries, does riot consist of a ,erivs of conistaurt amp I i t tide t i des.,

Ti dps i n the Chesapeake show st rang ned p a iid sp r i rig va r at I. i n s as we I I aI'

smal ler semi di urnal di fferences in t idte hei ght s. The eff Iect oft tIs t if d 1

var iab i Ii ty on salI ii ty st riuct oire was t hought to be import ruit t or Sonicl( t ii.1t

but there has been very little substantijation Ii the l iterat ure - The mos.t

no tablec p rot otype studies to dlate d is cuissing thils phenlomlenon 'Ire t roiii Ha as

(1977) and Allen et al . (1980).

84 . Haas sSt udy a rea was thle l owe r York anid Rappahannoc k Rivers inl

Virginia where hie found strong correlations between sal ii t stratif icat Ion

and the nicap-spring t ide cycle. Allen's studies were primar i tv confi net to

macrotidal estuaries in France,, but his observat loans dot support the impo-t annc

of the neap-spring tide cycle on sal ini ty stniictuire.

85 . There have been model sturi is thai~t ha Ve coil f i -med t Ile iilpO rt aiicc 0 1

the neaip-spring cycle on salinity. Physi r-il model studliesh iv Rihards 'And
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CuI i tidsvii ( 1982") antd Gi an.at alld Gu I b I r diidsenl (9 82 d'oculmnIit t heC exs tc I i c C,

st rue t u ra I Sa1 IIl i itY ychanges 3t vaJriouIs Stadt I MIS t h riiigholit Chesaplea ke Bay

These chaniges seem to het st roiiges t 1in the lowet x ha anld James River areas

go. Anile t ev idenice ex i s t s , the re t ore , to -Isuggest t hat dynam 11i c t i (Ia I anld

freshwa ter intputs a re neciessa ry to approx ima te pr 1otot ype responises t o base anid

plani geometries ill the Norfolk Harbor areavs. The Norfolk Harbor stud'. s imu-

I ated varijablIe plot otype coid it ions bly usinig a 2-l/2-year weekly st eppodl ivd ro-

graph anid aI repet it ive 28-1 uiiar-dav (5tn cyctIe) variable t ide. The source

sal itii t' tot- the inode I stid'sy for ease 01 .hipli cationi iii hothI test s Was hlId

conistanit at 32.5 ppt which is appropriate for tileIistoricalI dr-ought hydro'(-

graph uised. A more detailedoi discuss ion ill test booldary coiil it iotis folIlows;.

Ti Ides

87. Sour-e (oceani) t ides used ini thle Nort-al Ik Ha~irbo r s tud'st co(: i - i s ted ohf

aI iepe t I t ive , 28-ut-iavd1,, t 5- cycleIt-t tie sequence. The 12 hia rmon ic roui-

st i t eiit s used to colis t riuot theit t idle we re based oil roe, t I i c i cut s us)b\ NOAA

to p )redl i ct t i loes it 0 1 d Po jult Coin I o rt , V i ii I it ii a . OUce th de Its i reOd t I i' fl)

0Oldi Po int Coint t huhi t'ooii let t- riilh iie i t was lwess.L irv to. -id js I.Lhe wipl I i -

tutdes; anid phaises t o old i11 , I alues f Or t he 0(00.111 Soilrce t ideL roCjitlcited SOInoe

30 Iinie [5 htshie FTe ci t ide is has r el o tilt' 0((IL~t loll:

hi)=. + t o

Whoere

h(t t Iti Ite igilt

A meani wa ter I- 1v 0 .-020 f t N GVD

a coiis t i t iieii L aull I i t iado , t t

t = t linel , lir

F=colls t i t lilit pe r oil, h1r

0L = conist t uient pha se ,raI

rile tot lowinig a re t he conist i tiueilt salI ties

No . (Aoli; t i t uiilt Amp I i t iide , a1 Pler iod T ' Phas v

I M2 1 .420 12 .4200 2 .345 7

2 S2 0.276 12. 0000 2. 7 Q7 5
3 N2 0).319 12.6584 1.q627
4 KI 0.204 23.9344 0.0743

(Corif i KIL e (I
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il 0. 175 25. 81q4 0.

0.001 12 .26(0 2. r)

7 1 0 007 >4. 8 1"z 0 . 39144
8 11 0.014 23. 0995 0. I 57
0 Q0 0.024 26. 8t683 5.9859
10 PI 01058 24 01 O. 1555

11 1.2 0 040 12. 1910 2 .5059
12 K2 0.071 . 90 72 2.63'lS

Example tide ranges for the source tide -iclude 4.8 ft for tide 1, tile la-gest

spring tide, and 2.6 ft for t Ide 48, a sinal ler neap tide.

88. Fi gure 21 is a graphic rep resentat ion of the 56-cv( le tde comtl ed

from tie above sonst ituents. It 'oritaillS the sprllg aid rieip tile variat i ols

arid the seritdrllilrla Iinequralitit's noted in prot,,tvpe tide re,'cor(ds . As in, tilt

prototvpe, the tide is propagated rip tire bay and reaches Reedy Point, Del i-r(

,It the, Deliware River end ,, the L&) CanIaI .pproximately 10.10 h i iitet.

89. Prior to the start of tile test, i briet 1,,ll-in pcril, ot olist;illt

I de airmp 1 itude is lecessarv t adj.ust tite o e,mri t 'de control impl iit r. The

rati ,,t this Il-i-in tide reflects the value" of tide 1. (kice tire tidie alpli-

t It he d l o 4'e '. 1by )t r . ] I foI t he lead-in tide, tlt- variahle t ide las starttel

,arI a 1ONk wi th .r ililst llit i s(harge( condi t roll tht' Iotol was hr o iht to a stit

I st t. h.rs it, eu I lilt u1. i'VT reacht i l e 1,nsitv f-.Ini I cii r11. tilt 'st

hydr,graph was started arid v.riable t idos were mar lt Iii il throli,,h t the tes!t

. I lhe st r-i t (olilt r l o t boundarv aid ilil t i la .Oldi t i o s i. f 1 3 ihys Ii. I

molt I tt-St is p r r ii iv i ll'.- rtance if aIry ditgretree o cnt i d(,it' s ito Ibe' at -

tached to the resiults. ['his is t.specialll tcti tor base versirs plan testirig

where model Iresponse shiould be related entirely to designed base versus p li

changes (e .g. , deepened channes)ls) rather than aiy fl utloatlons ini bollda rv

rond it i oi .

91. To ensure source tide i ntegI i ty i rr boll' base arid plan tests, thit

ocean t i de is mon i to red con t i nuous Iy by a WLD thlat is ira rd-wi red to tirt com-

puter amd a strip .lhrt recorder for real-time observation. In addiI t roil,

manual point gage measuremenits were taken twice per 56-cycle period on tides 7

and 8 and or tides 35 and 36 to confirn water levels indiated bv electron ic

ineas ii reme it s.

92. The l)elaware Bay source t idc was not u'sed in these tests Ior

two reasons. First, available prototype data arc inadequate to def ine tire

ImpIi tu ud-s :rnd pe rids ot the 0 ure tC de a1d sal ii tv tinder variable tidal

ii
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fitotle I had s hown t ha' t the hVidrodiliarrii s ot the C&l) L-anla are ye r-v seinsit ive,

par1tikinlj'i' to yin ilt ionls Iin trta ii watLer- su r face elIevat Ltort , s o thjat e ven li no(,r

dI sc:repaitt I t's i it l'o iiiilrvit. cott iii I of- water-surfact, (.loyalt lolhve s i gui f it t

imtpac t on1 cilia I iVdt rlvilaiti t*s and t hlis oit salI i nit i es Iin th li- ppo BaY, Si no v

bouijd rv cti o I tor the sour(ce tide li D)elaware liiV wais ito'' a.pab It of pr -

Ventinug silli I d I ,L cropau I j.ie s Iii watteIr- su rftace elIevait i ons , it wajs dti l ed niot t

I-epr)-od(IIcIe theit sou 1r(i1 tIlde t ot- thI se tes ts so t hat ay(htniges,; it Clpt, i a

al in t I es t routl t lit, htast teIst to the I tr ts ot In heort i houi IV if -

ecte oI)b possible dli sorepincies li bounda rv couitro I

l'reshwater I iflow

1)1'Ilte N o rfI 1k Ila r ho r t v' s t h yd r g ra phi co 11s i ,t c Ii I t'~ 1 it F I r st,

tle re wats a le ad - ii pe11,rio I (,ev k % 1-15 ) o f conis ta nt (I ilii igt tha~it I ct I v, tel,,

ain iaverage to)tal hav disk-htaige of 70,000) cfs. The se, pii er il si - 16- 1

depticted wee-klv tve raigel prototLype conilit ions between 2.' i' l , P tji III!' Auigust

19b 5 . llvdrogripl plots for the total lutyV iisuha igti' i wit hi t lic e I I ii' 1

clIoses t t ) the subI o ct a rea a re shown i n PIa t es 145- U

94. T he I15-w t ek (-oti st Lan IIt dI s rIha r g 1 e pr iod was isdt' iov i

* t Il'h I I t\t p r ior t . s t Irt i g th ht It t o ri1cal hvilrt r-ili III' -Il Iut oi 1gt

The ins jug l i st orI.k a i hyrogrt-1 ph wals uised because, it wsl anII , vaj11 I t , daI

set andt had been tised la;Irgel I i o n-the r Chesapea ke Bli I''le- t es t ! . Asa 1 It

it rt flec ts a pe'r iod ol relIat iv.e ly low to dr-ought con' it iotis otn tiet hIV - hb is

shouldl be cons idered when aria lyzing the data. ithe hydio griaph liesv -

naJve sufic -ienlt ly SfzsoiI variationIs ii discharge to be uisefuli

Sourcef salinity

i.Source salinity is defined as the salinitv of supply wajter as it

enters the headhay at the ocean. This definition was chosen to fa( ili itate sail-

pling and control of salinity. During varying freshwater discharges, the umix-

ing of fresh anti salt wateor inr the model oceaun causes di scontinuiouis arid vari -

able salinities in the vicinity of the headhay. Sampling in this irea curtl

yield large changes in salinity over relatively short pteriods of t ttue, espe-

cial ly during high freshwaiter discha~rge periods. The supply sumpl is a large

and nearly homogeneous vo lumne of water (analogous to the prototype ocean) that

reacts s lowly to a sp iked hyd rograph ; thits i t canl be mea sutred less ott tl a nd

with greater conf idenice in a single set of measurements . Salinitty samples we

taken hourly (4.17 prot otylp daiys) in the heaidthay in the return sump. aid( in



the supply suip t Iio IIjto.hLit eatkl d1tII l i . Ii i ILty te t. jig t -1 lt th " thji .e

areas together helps ) 1,o. v t trends in the source s.i Ii in ty, a and thus I arge

drops ini source sal Iiti ty (til he prevent ed by add i rig )r i lie I o tie ret urn 111lip

when it shows .a dec I le. Source sal ini ty was kept to w ithn tO . ppt of the

des i red 32.5 ppt throughout both bast, and plan tests.

96b, Siuup cont tro I n gentra I was considered good for hot ih tests. hI

were short -term devrat ions caused by respoitnse to f reshwater inf Iow I ni( t uit i oIis

in both tests and did not create percept ible discrepancies ini the ha, sa I i -

tIes. The supply sump source sal in ity was checked a total of 269 tim es co in-

cident to bot h base and 1i lan tests from I unar day -146 to I una r day ( . The

base and p lan source sal i nit i es were wi thin ±0.2 pl't of each ot her 78.9 per ent

of the time, and within ±-0.5 ppt 97.0 percent of the time . Only 8 of the 269

comparisons were outside the ±0.5 ppt range and they all occurred during the

lead-in period from lunar day -29 to lunar day 3. The largest plan-minus-base

difference in sump source salinity was +0.8 ppt at lunar day -9. The overa I I

base, test average source salinity was 32.49 ppt and the plan test average was

2. SO ppt.

SaI lilt y samp l ing

Q7. It was necessary during testing to monitor tie distribution of

salinity within the bay to ensure that general expected patterns were develop-

ing and that anomalies in the bay were explainable within the context of the

test. In order to accomplish this task, a set of 19 stability monitoring sta-

tions throughout Chesapeake Bay and the major tributaries was selected to give

general picture of baywide sal ini ty structure. These salinity monitoring

st.t ions were not a primary part of the comprehensive testing program but were

selected mainly for comparison with other studies performed at tile Chesapeake

Bay model. The salinity monitoring stations were used to determine when the

model had reached the dynamic salinity equilibrim required for test initia-

tion and were a real-time test monitoring aid. Samples were taken at slack

after flood at each of the 19 salinity monitoring stations on every tide 3 and

every tide 30 throughout the tests. The samples were analyzed immediately ano

hand-plotted to facilitate rapid analysis. No abnormalities in density struc-

ture were observed in either test and, consequently, confidence in their com-

parability is high.

98. Salinities in the bay were sampled at individual stations at from

one to five depths per station (Figure-', 22 and 23 and 'Table 14). Approximao ly
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"no samples wcre taken it i-ach samplerd tidv The, ;amplcd tide!,; w.crr 1, 10, 2' ,

and 48 at slack after flood which represent high-spring, mean, low-spring, and

neap tides, respectively (Figure 21). In all, 57,041 samples were colle(ted inl

the plan test and 55,331 were collected in the base test. The numbner ot addi-

tional samples for the plan test was due to additional ;ampling in the deepened

c ha nnelI.

SalinitV-1Ilata Ana jysis

99. The purpose of the dynamic salinity tests was to determine what

impact the deepened channels would have on the salinity distribution withinl

the Chesapeake Bay system. Salinity sampling stations 4~ere positioned at 193

locations throughout the model so that the effects onl the entire system (oild

be determined. The majority of the stations were located near the project

area in the lower hay and James River with care taken in the selection process

so that biologically sensitive areas would be covered. Locations of the serisi-

tive areas were provided by the Virginia Institute of Marine Science (VIMS)

along with suggestions, for nearby sampling locations. Where physically pos-

sible, these locat ions, were used.

100. Performing a deta iled data analysis onl 193 stations and pr'seillii$

the resul ts in a technical report is an arduous anid unnecessary exerc'ise.

h~at a from alI 1 1 stat ionrs were inrspected for base-to-plain sal iity di ft er-

elt es and a mor01t veaisnilale iiirrrher of st at iorns were selected for a uletailedi

anallysis andit p r,'sertat ion it) t ilis reporlt. Data1 fromt 65 statl i us art. presenlt ed

InI tis repolt .1alng With VIrlolis Rl'ipltial plots that were u1sed inl the, datal

'1n1 1 Vs I 1 The ItatI to I s tosei F (r It bal sin[i dI is repoirt piro\ Idt an ado-

,Ipla tet oVerIae x f t he l t- lt IrIef I' itth mot I t. tAI I 'f oI f.i f lt c" frIom a]rea3s wh Ich1

s'howeli not-illt h'.,s.-t "-pln I iall t vk filngc:.

101 SaIity i~ I. i' - 'IImarlI (V aialviet by uIsing several1 gra)phi 1calI

tPt Inl rIiieu s Ib I ( .110' rIll 111 'ii I titls I cto t I I ist * t lie dait a we re I splIayed

From bot 11 t s ts in 1 mo111 1i. 1 11llt I o, I it -iitIi'- heiea tht a t o taI Fra d is ch'i 1ge

fr e ';iwaitvt 1,7-,11 t.aph Pl . t ' I- I it, t mte -h Is t 'r I s d Isplayi t he 1,111l rt

fiata svt it W) slt it il aido it, lisettil r, otrserv itig clhiiiges In Lt e wit I cia I

SAl11111t y It ik u tt .ire r til i t ig tF O i' Fyd egripJhi( i 111ard I id IaI Ariat i ois

102 . ( lttit vl .1i Io ll tiFai saInle pl ittes a re IF sp lys of ill aul-n ri ti -hase dilI-

t -rent es ilt surf are anti botttom anot plait-minrius-baset depth-avraged difIf eences,

both plot teld agalinst the SIM#- t ime ' alv Wholl a it a1 poi nt was missing frotm



one or both tests no difference was listed, Ihereby tebulLing iii discoitijnui-

ties in the plotted curves. At stations within the deepened channels, an ad-

ditional depth was included in the plan test showing the deeper bottom. Bot-

tom differences were calculated using the deepest depth at a station for each

test.

103. Salinity depth-averages were computed to determine the net salin-

ity change integrated over the water column at various locations in the bay

resulting from channel deepening. It should be firmly stated that one should

not view depth-averaged differences as the single most important indicator of

base-to-plan salinity differences. This method does not satisfactorily con-

sider increased vertical stratification that often accompanies channel deepen-

ing. For a bottom dwelling organism, this is a crucial consideration. Base

and plan depth-averages were computed as shown in Figure 24. Thefre are some

errors that are intrinsic to this method. Salinities at the sLrace and bot-

tom boundaries are computed by extrapolation from the two adjacefnt depths.

This is not accurate in any rigorous sense but it is a reasonable appxima-

tion that is applied in a similar fashion in both base and plan tests. When

differences are computed, the effects of this error are minimized. In irder

to avoid the introduction of additional errors, the depth-averaging algorithm

only considered those stations having a complete set of salinities for both

base and plan tests at a given point in time. In other words, if a salinity

value was missing from a certain depth at a given point in time, no depth-

averaged sal iity difference was computed. This accounts for the gaps in the

depth-averaged difference plots (e.g., Plate 152).

104. The previously mentioned methods are adequate for observing base-

to-plan differences at one station over time but do not allow a picture of

salinity changes in a longitudinal or transverse sense. For this reason,

longitudinal isohaline profiles were drawn using data sampled from the four

tides of the neap-spring cycle during both high and low discharge periods.

Salinity Results

Model accuracy and repeatability

105. Prior to any discussion of the impacts of channel deepening on

salinities in the bay, it is prudent to discuss the accuracy and repeatability

of salinity data measured in the model. The term accuracy refers to cosooes
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of sal inUity values IIeaI..ur I I iii t e mudel Lu the "Lit" lt-'s utk i i i ii ii t hi-

pr ot type g i ven that both mode I and prototype experience ident it a I bounda ry

conditions. The level ot accuracy of Lhe Chesapeake Bay model will never be

exactly known because it is virtually impossible to reproduce in the modoI all

the boundary conditions affect ing the prototype (wind, rain, ship movement,

Coriolis force, etc.). However, by considering the major forces affecting the

hydrodynamics of the bay (variable tide, river inflows, and ocean source sa-

linity), an approximation of the tevel of accuracy is possible.

106. The model has undergone two lengthy verification tests. The ini-

t ial v rficat ion was accomplished in 1978 (Scheffter et al . 1981) and a re-

verification in 1981 (Granat et a. in preparation) following extensive con-

crete repairs prior to the Norfolk Harbor study. Although direct compara-

hility between individual model and prototype data points is not always pos-

sible due to ,]ifferent boundary conditions and other ditferences, these veri-

fication tests have shown thit the model does a good job of reproducing the

seasonal salinity variations resulting from a dynamic freshwater hydrograph

and the neap-spring tide cycle. When uis ed to determine base-to-plan salinity

di ffe rerices under similar boundary conditions, the model is accurate to withiii

±1 ppt. Certainly not every measured data point will be accurate to within

these limits, but the overall accuracy of the estimat ion of salinity changes

resulting from channel deepening will be on that order. Further discussi er of

the individual inaccuracies that combine to form the ±1 Ippt accuracy level is

lengthy and will not be addressed in this report.

107. A closelv related and equallv important aspect of model tcsting is

tile repeatability (or precision) of model results. terre repeatability refers

to the closeness to one another of dilterent sets ot model saliniity ineaisrre-

ments taken under the sme hourindary conditions. Ideally, it would seem ra-

tional in both base and pl.in tests to bring the model to the same state of

dynamic salinity equi ibririm prior to initiation of testing using the sarie

start-ip procedure. In this manner, one can be assured tht any base-to-plan

salinity difternces are the result of channel deepening and not due to some

inconsistency in the model start-up prc.cedure. However, there is an interest-

ing dilemma springing from this approa(h. Will the model, having different

base and plan geometric configurations with the deepened channels, be able to

reach the same salinity stability under boundary conditions that are in every

other way equivalent? A closr inspection of base-versus-pian i lead-in
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Sal iiiit ics 'in", a g -d d call of model ' xpc-ri Inc u~r r i rid1 in rh t .t i

factori ly answer that quest ion.

108. 'Ihli s di lemima is of part icular importance to the Norfolk sal ilIi ity

t e sts .Both thle base and( plan tests were brought to stabilIity inl a similar

fashion hv initially flooding the model with fresh water and thenl initroducinig

saline water f rom the ocean source via a variable tide generated dt the ocean.

Despi te thte des i red st r i etiess of cont rolI in thte st art -up of both b as e and

plan tests , vairiat ions iii the rates of Ifresh- and salItwater inft roduc t ion were

not iced between test s wh ich resulIted i n dIi fferent s alinriity di st ribut i ons at

equ iv alIent po inrts i n t ime . Due t o d iftferences in the model start-up pro(e -

iu res and pe rhaps to a much lesser ext ent the diffte rent mrodel y eome t ri es thet

modtel did not reach salinity stabiIi ty in the same period of time for the plan

test as in the base ond it ion. From past experiences wi th the modl , it was

de i ded that inl add it i ori day (200 t ide cycles) of lecad- in t ime sas needed iii

the plan condit ion to obtain a state of stabi I itv simi kir to the, base conldi-

t ion. After thle aiddit tonal day of I eadi- il, tilie overal I planl sal init i es ,ere

appi oximatel" 0 ).5~ pp" highier than tile h,.se Sal ilnit is., T[he pci no rv stld (Ire.1le

in the loewe r 1)1vand uit oics River areas hiid very 5 jimi a r ba se iant I~ 'I i 5,0 I i i i -

loIf.S a t t 11 i s t inimc, wli I I " a reas show i rig thle mlaximumti I ead-inl d I f tene were(t- (1

Iis t ant fri- t he Stutd, :i rca inl the middle and lippei.bo ha v B." , ho'1 i to ttest -

ing, the overil I hist-'.o-plani sal ititNV di fferenice at the stabili ttv mnittoririg

stat ions was near 0 .0 ppt . 1I e net effect of (iftering sa liity beg innminrg

condi tiomis cause d bv dissimilar base-to-plan start-tip p~rocedlures woul d be to

sl ight ly overestimate the magnitude of any iiicreased sal iities iii the pl an

test . Trhe a reas showinrg the greatest base-to-plat lead- inr difIferences will be

dliscussedi in more detail later in this report.

Nedp-spjring salinity variations

109. One of the purposes of this model study was to determine what dif-

ferences in salinity structure could be associated with the proposed channiel

deepening project. Findings from thre study would ultimately be used to deter-

mine if the project has any adverse effects on the environment, and if so, pet-

haps the benefits of the project would be reassessed. Channel deepening often.

alters the salinity structure of estuaries. In most cases, the net effect

would he to increase salinity intrusion on the bottom with increased vertical

salinity stratification. Net increases in salt averaged over the water column

are sometimes evident as well. It becomes the task of- local authorities o
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ultimately determine whether or noL the noted clidnges kU|lt ddvVI SVI V df feet

the estuary, most particularly the biota. This test was designed to determine

over time the nature and magnitude of sal inity variations caused by the chari-

nel deepening so that these values could be provided to local authorities for

their planning purposes. However, before any degree of concern is placed oil

salinity differences reported herein, an understanding of the prototype

through its physical model representation is needed especially if there are

naturally occurring salinity variations which make the magnitude of base-to-

plan differences comparatively small.

110. The lower Chesapeake Bay along with the James, York, and Rappahan-

nock Rivers experience tidally induced salinity variations that have been

noticed in the prototype (Haas 1979) and confirmed in the Chesapeake Bay model.

The neap-spring variations, as they are called, occur when lower amplitude

tides (tides 2F and 48) allow stratification in the water column followed by

larger range tides (tides I and 10) which mix the column again. Intertidal

salinity changes of as much as 5 to 8 ppt are common at a single depth along

with depth-averaged salt variations of 3 to 5 ppt (Figures 25-27). Extreme

variations, such as at sta JG2302 (Figure 25), can result in variations of

depth-averaged and bottom salinity changes of 9 ppt and 14 ppt, respectivel.

Neap-spring changes in the project area appear to be greatest during periods

of high discharge when the vertical density gradient is the strongest. A deli-

nition sketch showing the relationship between the neap-spring tide cycle and

salinity variations is given in Fi'ire 28 (from Richards and Gulbrandsen 1982).

111. The time-histories in Plates 151-215 illustrate that this phenome-

non is present throughout the model to various degrees with the strongest vari-

ations located in the vicinity of the project area. From each reach of the

deepened channels, a representative station was chosen and displayed in Fig-

ures 25-27. Sta ACO002 is located in the Atlantic Ocean Channel, TSOOO4 in

the Thimble Shoal Channel, JNO03 in the Norfolk Harbor Channel, and Et!ObOl

upstream in the Elizabeth River. Sta JG2302 in the James River was chosen be-

cause it is the most extreme exampie of variations, and sta CB0404 in the mid-

die bay shows very little if any neap-spring variation.

112. The mechanism responsible for causing neap-spring variations is

not suitably described in the literature nor is it sufficiently understood.

From the observations of data from various model tests including the Notfolk

Harbor study, it appears to occur in areas that contain large vert,- ,t
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gradicnts which, cf course , are notitur' i , the . ower bay and Virginia river.

This thesis seems to be supported by the observat ions that when neap-spring

variations occur at a station throughout a time-history, they are greatest

during high discharge conditions when the water column is most stratified

(Figure 24).

1 13. The major emphasis in this discusS ion is that organisms which live

in the project area should he adapted to survive neap-spring changes in sal in-

ity without significant stress to their populations. Neap-spring sal inity

changes have existed for ages and will continue to do so unless massive geo)-

metric changes and/or flow suppression schemes are imt ld-mented by man or Tij-

ture. Nevertheless, the plan condition in this test was inalVzed for stru -

tural changes in this neap-spring tide cycle.

Discharge-induced salinity variations

114. Variations in the supply of fresh water to the estuary are .1lso, a

source kf naturally occurring sal initv variations. Periods of high discharge

dunri. the wi rite r and spring seasons generally freshen the ent i re water co Iun)

with an increased vertical salinity stratification. With the approach ot the

summer and early autumn low-flo, periods, the salinity' in the entire water

column gradualiv increases and the overall stratification decreases, l.ongitu-

dinal salinity structure changes induced by freshwater flow variations are

very large at times, especially in the higher discharge rivers of the hay.

Sm.iller discharge rivers a so experience structural changes rea]a a to the

hydrograph but to a lesser extent due in part to the fact that . flows in

and out of the river are large in comparison with freshwater discharge.

115. The James River shows the largest seasonal variations in salinity

in the study area. It is one of the high-r discharge rivers on the bay

(Plate 149), and the range of flow magnitudLs between high and low conditions

is great. The flushing effect of a high discharge rate can be observed in thu

James River longitudinal isohatine profiles (Plates 216 and 217). In general

over all tidal conditions, the l-ppt isohaline is located approximately

125,000 ft (23.5 miles) farther downstream during the high-flow period than

during the low-flow period. Similarly, the 15-ppt isohaline is about 50,000 ft

(9 miles) farther downstream during the high-flow conditions.

116. The Elizabeth River can be classified as a low discharge river

(Plate 150). Flows in and out of the river are largely tidal in nature and as

a result the Elizabeth is a rather well-mixed estuary with the 20-ppt isohaline
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extending upstream to sta EHIO0 duting the low-flow periud (Plate 218). The

Elizabeth River does not exhibit the well-defined "wedge" of salinity that was

observed moving upstream and downstream in the James River with changes in

freshwater flow magnitude. However, the estuary clearly becomes much more

stratified during the high-flow period (Plate 219). The 20-ppt isohaline in

the vicinity of sta EHIOO is replaced by a 6- or 8-ppt isohaline. During the

high-flow period, the surface salinities along the estuary are 8 ppt or more

fresher than during the low-flow period, but bottom salinities are only about

I ppt fresher.

117. The Atlantic Ocean and Thimble Shoal Channels are located in open

areas of the bay and ocean and do not have a single, most predominant source

of fresh water. They do, however, experience similar longitudinal reactions

to the variable hydrograph (Plates 220 and 221) observed in the James and

Elizabeth Rivers. In the upper water column near sta TSO005, the 17- to 20-ppt

isohaline which is present during high-flow conditions is replaced by a 25- tc

26-ppt isohaline in the low-flow period. At the bottom, the 31-ppt isohaline

remains in essentially the same position during both high- and low-flow pe-

riods at tides 1 and 10. However, at tides 28 and 48 the 31-ppt isohaline in-

trudes about 50,000 ft farther upstream in the Thimble Shoal Channel during

low-flow periods. The strength of neap-spring variations in this region is

dominant as was shown in Figure 26.

Base-to-plan salinity differences

118. With an understanding of the dynamic nature of the lower bay under

undeepened existing conditions, we can now address changes in salinity struc-

ture which may be expected with the proposed channel deepening. Changes that

occurred in the deepened plan condition were examined in four ways: (a) plan-

minus-base differences at each depth (most importantly the bottom depth),

(b) plan-minus-base differences in depth-averages, (c) channel versus shallow-

water redistributions of salinity, and (d) plan versus base changes to the

neap-spring salinity response. Each of these will be discussed separately.

It should again be stated in this discussion of differences that no signifi-

cant changes due to channel deepening were noticed in the model north of

range CBOI. Any changes that are displayed in the plates are the result of

boundary and initial condition problems in model control and not channel

deepening.

119. Plan-minus-base differences at each depth were plotted through
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time iii Plates I5l- . It would he conveni ent to gvncralize on Ithe rtre o,

salinity differences, but it is difficult because each individual station lies

in a portion of the estuary where freshwater and tidal flows have different

relative strengths as well as different local geometries. Each station should

be inspected individually for differences at depth with the realization that

there is noise in the data set so no particular significance should be as-

signed to any one point. Also it should be rtalized that the degree of model

density stability increases with time so d;ota collected in the later portions

ot the test are more realistic in predicting difterences. It is safe to gen-

eralize that channel stations showed increased bottom salinities with an over-

all increase in vertical salinitv stratification. Shallow-water areas and

cha rnels that were not deepened showed less structuraj variations and less in-

creased salinity than deepened-channel statiols. Figures summarizing those

findings will be presented later.

120 . Depth-averages were computed to pred ic(t what net imports or

exports of salt could be expected in the pro ject area. Results from 65 study

stations were grouped into five categories describing the average net increase

or decrease in depth-ave-rages throughout the test. The follo iing summlrizes

the observed changes.

Net lncre ase, ppt Net I)e rease
0.51 to 1.01 to 1 .51 to ppt

0.00 to 0,50 1.00 1.50 2.00 0.00 to 0.50

ACO002 .J(;0601 P00 101 EI'O 101 E110202 EitO 102 C10002
CB0109 JNO104 P00202 Et!04O1 E11105 01 CB0008

CB0208 JN02(0 I RGO102 E1t0901 EH0601 JNO 11
CB0303 JN0202 RG0202 EliO001 Eti0701 JNOI0.3
CR10404 JN0203 RGO50 I J0203 El0801 INO 105
CB0505 JN0502 TSO002 ,JG0302 ,1N0205
CB0611 JN0603 WB0201 JNOI02 L.FO101
CB0705 JN0801 WOO101 JN0204 LSOO0 I

CGOOl IMFOO01 YGOI02 JN0303 I.S0002
EH0301 NSO101 Yt;O02 NNOOO LSO003
JG0103 NS0201 YGO501 TSO004 1S0004
,1G0402 NS0301

JG0502 NS0401

121. As shown in the preceding list, stat ions upstream of range CBO1 as

well as the upper James River show little if any changes in their depth-

averaged salinity. Channel stations in the Elizabeth and lower James Rivers

along with the upper end of Thimble Shoal Channel show noticeable average net

s:alinity increases from 0.5 to 1.7 ppt. Some stations, primarily in
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shdlluw-water areas, actually showed depth-averaged freshening in the plan

test although very slight, always less than 0.5 ppt -esher.

122. The freshening of shallow-water areas in the Horseshoe Shoal area

is an example of a transverse redistribution of salt in the cross section due

to channel deepening. Freshening rarely occurred at any of the stations un-

less they were adjacent to a deepened channel area. Figure 29 shows depth-

averaged differences across the Horseshoe Shoal transect (LSOOO1-LSO004) with

sta TSO004 (Figure 22) being the deepened station. The l-ppt approximate in-

crease in depth-averaged salinity at sta TS0004 and the slight freshening at

sta LSOOOI, LSO002, LSO003, and LS0004 illustrate this point. During the

first high-flow season, the redistribution is particularly strong. Other

transects show a similar response to varying degrees in both the bottom dif-

ferences and depth-averaged differences plots.

123. Bottom differences were one of the most important results of the

study. It is on the bottom where certain biota, particularly shellfish, are

particularly susceptible to adverse salinity changes. Maps summarizing bottom

differences for the various tide and hydrograph conditions are given in

Plates 222-23b. These plates show that channel deepening increases salinity

along the bottom of the channels by up to 4.0 ppt, but shallow-water areas and

undeepened channels show very little change. Ie tact, outside of the Eliza-

beth and lower James channel areas, increases were rarely as great as 1 ppt fcr

any tide or hydrograph condition tested.

124. The bottom differences discussed thus far are viewed at discrete

points in time during particular tidal or hydrographic conditions. It is also

important to view the change in the bottom variations through time to detect

any possible change to the neap-spring salinity response. Changes to the near-

spring response are most important on the bottom for previously stated reasons.

They are also easily observable on the bottom.

125. An inspection of the base and plan time-histories in Plates 151-

215 will reveal the magnitude of the cyclic neap-spring response on the bottom

depths. For example, in Plate 163, sta EHOI02 shows a different neap-spring

response between base and plan conditicns. The base contains an approximate

3- to 4-ppt variation throughout the hydrograph while the plan shows only a

2- to 3-ppt range. This damping of the tidally induced neap-spring response on

the bottom is prevalent in the deepened channel areas of the Elizabeth River.

From sta EHOI02 upstream to EHO80I, the damping is fairly conrsistont with basf
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ranges varying between 2 and 3 ppL and the plan between I and 2 ppt. On the

average, a l-ppt damping was noticed with the exception of sta EHO301 which

showed an increased bottom range. This station, however, exists in a portion

of the river which was not deepened. Both base and plan tests had their sa-

linity probes located at the same depths. The observation of increased bottom

range in the plan condition at sta EH0301 is consistent with the 48-ft depth

downstream at sta EH0202 and the 44-ft depth upstream at sta EH0401. Both ex-

perienced slight range increases in what were the base bottom depths.

126. Since three channel sections were dredged in the lower bay and

James River area it is interesting that only the deepened portions of the

Elizabeth River showed any distinguishable changes in the neap-spring salinity

response. A possible explanation for this observation stems from the fact

that each of the channel sections, Thimble Shoal, lower James River, and the

Elizabeth River, lie in radically different portions of the estuary. The

James River is a high discharge river with broad transverse dimensions com-

pared with its relatively narrow navigation channel widths. The Thimble Shoal

Channel lies in the lower bay where the significant freshwater influences of

the James and other rivers are felt plus again it has a narrow navigation chan-

nel in a broad cross section. Both are highly dynamic zones of turbulent mix-

ing with strong freshwater and tidal mixing inputs and strong current veloci-

ties. The Elizabeth River, by contrast, is a narrow river with negligible

freshwater input, weak current velocities, and its deepening represents j

larger portion of its total conveyance area. Relatively little mixing is

present with successive neap and spring tide cycles having little influence on

the bottom current velocities and thereby these salinities.

127. The biological ramifications of a damped neap-spring response are

worthy of consideration. A variety of organisms can tolerate increases or de-

creases in salt concentration provided they are of limited duration. The

dimped neap-spring response along with the slight increase of bottom salini-

ties could place a number of species in a stressful position. Biologists

would have to determine the tolerance levels for each species versus the

changes predicted in this report. Normally, shellfish are of the most concern

in deepening studies both because of their bands of salinity tolerance and

those of their predators. One heartening fact observed in viewing the data is

that where changes do occur either by absolute or in a time-varying neap-

spring fashion, they inevitably occur in nonactive biological areas in the
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deep channels. Shallow-water areas where most shellfish thrive were rela-

tively unaffected by this deepening project especially when compared with the

magnitude of natural salinity variations which already occur in the base

condition.
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PART V: CONCLUSIONS

128. Changes in tidal elevations, amplitudes, and phasing which may be

due to the effects of channel deepening were sufficiently small that they were

undetectable with the measurement techniques used at the hydraulic model.

Model measurement techniques are of sufficient accuracy that significant

changes would have been noticed; therefore none are expected.

129. Several subtle velocity variations in the model tests were ap-

parently due to channel deepening. An overall decrease in velocity amplitude

of about 0.13 fps was noticed during the plan test. This is consistent with

the principles of continuity, but the magnitude of change is close to the ac-

curacy limitations of model instrumentation. Slight increases in flood pre-

dominance were noticed under average inflow conditions indicating perhaps that

salinity intrusion may move upstream in the study area. This observation is

consistent with the observed increased salinities. Overall changes in model

velocities could be attributed to the effects of channel deepening but the

magnitude of the changes is barely detectable.

130. Variations in the model salinity distribution were noticed that

could be attributed to channel deepening. The greatest differences were

noticed in the deepened channel areas where increases in the bottom salinities

varied between 0 and 4.0 ppt. Channel depth-averaged increases varied between

0 and 2 ppt. Shallow-water areas near the deepened channels experienced much

less of a salinity increase. At times there was actually a slight freshening

of the shallow waters. Stations elsewhere in the model showed modest in-

creases in depth-averaged salinity but were normally less than 0.5 ppt.

131. The salinity tests documented the locations of stations in the

study area that exhibit large (commonly as great as 5 to 8 ppt) salinity

changes due to the neap-spring tide cycle. The entire study area experienced

these variations that are naturally occurring and not caused by channel deeper)-

ing. Channel deepening did, however, cause a slight change in the neap-spring

salinity response. It was characterized by a damping of the cyclical salinity

variations in the bottom depths of the Elizabeth River. Elsewhere, little if

any neap-spring changes were detectable.

132. The intention of this report and its accompanying data set is tc

furnish biologists and planners with the information necessary to assess the

impacts of the proposed deepening project on the environment. Almost all
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deepening projects cause some degree of environmental change and this project

is no exception. Every effort has been made to quantify the extreme natural

salinity variability in the project area resulting from hydrographic and tidal

variations. Before any value judgments are made pertaining to the benefits of

the dredging versus any possible environmental concerns, a good knowledge of

the region's natural variability should te obtained. The variations in salin-

ity response caused by channel deepening are small compared with the varia-

tions that occur naturaliy in ie region.
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Table 1

SewaqeTreatment Plans (STP) and Other Diversions

Discharge

I.D. Name Tributary Latitude Longitude cfs

A James River STP James River 37004'35" 76032'20" 26

B Boat Harbor STP James River 36 37'30" 76024'48" 34

C Army Base STP Elizabeth
River 36 55'20" 7620'10" 23

D Lamberts Point Elizabeth 0
Outfall River 36 52'58" 7624'00" 50

E Chesapeake - Little
Elizabeth STP Creek 36 56'35" 76010'17" 40

Surry Nuclear 0
Cooling Intake James River 37 09'33' 76°40'15" 3740*

Surry Nuclear 0

Cooling Outfall James River 37 10'09' 76 42'11" 3740*

TOTAL 173*

*The discharge of 3740 cfs for the Surry Nuclear Power Plant cooling

diversion was not added to the model, but was instead circulated
from the downstream side of Hog Island to the upstream side to simu-
late prototype conditions. Hence, the 3740 cfs is not included in
the total.



lable 2

Freshwater Di scharoes

Steady-State Velocity and Tide Tests

Inflow Oi scharge, cfs

Number Tributary Tests 1 & 2 Tests 3 & 4

1 Nansemond River 1,063 372
2 Chickahominy River 826 289

3 Appamattox River 2,763 967

4 James River 20,711 7,249

5 York River 7,597 2,659

6 Rappahannock River 8,120 2,842

7 Wicomico River (Potomac) 1,177 412

8 Occoquan Creek 6,771 2,370

9 Anacostia River 1,663 532

10 Potomac River 21,997 7,699

11 Patuxent River 2,517 88l

12 Severn River 660 23i

13 Patapsco River 1,751 613

14 Gunpowder River * .291 .3?

15 & 22 Susquehanna River 106.335 37.217

16 Bohemia River I10? 306

17 Chester River 1,3-4 502

18 Wye River 593 190

19 Choptank River 2, 339 .17

20 Nanticoke River 4,626 1.619

21 Pocomoke River 2 ,0 49 9c7

23 Elizabeth River 869 3)4

Total Bay Discharge 200,000 70, 00



Table 3

Tide Station Locations

Steady-State Tide Tests

Station Body of Water Latitude Longitude

OCEAN Atlantic Ocean 36058'54" 75033'27 ''

Sta 3 James River (Old Pt. Comfort) 37000'18 '  76018'50"

CBOOO1 Chesapeake Bay 36056'17" 76000'23 '

CBO004 Chesapeake Bay 37000'14 ''  75059'30 ''

CBC3O08 Chesapeake Bay 37003'13 '" 75058'37"'

CBOIOl Chesapeake Bay 37006'00" 76014'36"

CBO05 Chesapeake Bay 37008'51" 76008'48"

CBO09 Chesapeake Bay 37011'42" 76002'07 '"

JG0302 James River 37003'21 '" 76035'35"'

JN0202 James River 36055'42 ''  76025'44"

EH0203 Elizabeth River 36053'09" 76020'13 '

EH0901 Elizabeth River 36045'05 '" 76017'46"1

EE0301 East Branch Elizabeth River 36050'13" 76014'40"1

WB0201 West Branch Elizabeth River 36051'18" 76021'15"

TSO003 Thimble Shoal Channel 36058'24 '" 76006'30 ''

TS0005 Thimble Shoal Channel 37000'18 '  76013'541

YSOOO York Spit Channel 37002'43' 76004'23 '
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Table 5

Plan-Minus-Base Amplitude Differences

Steady-State Tide Tests

Four Test

Station Test 1 Test 2 Test 3 Test 4 Average
ft ft ft ft ft

OCEAN 0.02 -0.06 -0.04 -0.01 -0.02

Sta 3 -0.03 0.02 -0.01 -0.03 -0.01

CBOO1 -0.01 0.00 0.05 0.03 0.02

CBO004 0.02 -0.04 0.03 -0.05 -0.01

CBO008 0.02 -0.01 -0.08 -0.03 -0.02

CBOIOI 0.06 0.00 0.00 0.07 0.03

CB0105 0.01 -0.02 0.00 -0.05 -0.01

CBO109 0.05 -0.06 -0.02 0.03 0.00

JG0302 -0.02 -0.02 0.01 -0.02 -0.01

JN0202 0.00 0.01 0.00 0.01 0.00

EH0203 0.03 0.02 0.02 0.02 0.02

EH0901 0.00 -0.03 -0.05 -0.01 -0.02

EE0301 0.00 -0.01 -0.04 -0.03 -0.02

W80201 0.03 O.OU -0.01 0.02 0.01

TSO003 0.02 -0.04 -0.06 0.02 -0.01

TSO005 0.04 N/A N/A -0.03 0.00

YSOOO1 0.06 -0.02 -0.06 0.00 0.00

Mean 0.018 -0.013 -0.015 -0.004 -0.003

Std Dev 0.027 0.023 0.037 0.033 0.032
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Table 8

Velocity Station _Locations

Steady-State Velocity Te sts

Sampling Depths
Station Body of Water (ft below msl) Latitude Longitude

CB0001 Chesapeake Bay 4, 18, 32 36056'12 '' 76000'18"
CBO002 Chesapeake Bay 4,20,35,54,71 36 057'30" 76 000'05"
CBO004 Chesapeake Bay 4, 16, 28 37 000'06" 75 059'30"
CB0006 Chesapeake Bay 4, 15 37 002'00" 750 59'06"
CB0008 Chesapeake Bay 4, 24, 43 37 03'18" 75058'48 ' '

CBO009 Chesapeake Bay 4, 16 37 004'37" 75 058'36"
CB0101 Chesapeake Bay 4, 13 37005'58" 760141431
CBO03 Chesapeake Bay 4, 14, 24 37007'05" 76 012'15"
CBO05 Chesapeake Bay 4, 20, 37 37 008'36" 76 008'59'
CBO07 Chesapeake Bay 4, 15, 27 37 10'36" 76 004'37"
CBO09 Chesapeake Bay 4, 39, 75 37 01'48" 76 002'01"
CBO11O Chesapedke Bay 4, 15 37012'08" 76 001'32"
ACO002 Atlantic Ocean Channel 4,27,49,54* 36 054'06" 75 05433'
TS0003 Thimble Shoal Channel 4,26,56,51* 36058'21" 76 006'39"
TSO005 Thimble Shoal Channel 4,27,50,55* 37000'24" 76 014'39"
YSOOOl York Spit Channel 4, 25, 45 37 002'33" 76 004'31"
JGOIOl James River 4, 11 36058'54" 76 017'36"
JGO02 James River 4, 26, 48 36059'36"1 76017'54 ' '

JGO03 James River 4,22,44,66,83 37000'00" 76 018'12"
JG0311 James River 4, 11 37 003'06" 76 036'16"
JG0302 James River 4, 16, 27 37 003'30" 76 035'36"
JG0321 James River 4 37004'11" 76 036'15"
JN0202 James River 4, 12 36 055'23" 76 25'46"
JN0203 James River 4, 20 36 056'24" 760 25'22"
JN0204 James River 4,26,48,55* 36057'04" 76 025'07"
EH0202 Elizabeth River 4,25,46,55* 36 053'15" 76020'04"
EH0203 Elizabeth River 4, 22, 40 36053:14 ' 76'20-16"
EH0501 Elizabeth River 4,22,39,45* 36050341 76017141 ''

EH0701 Elizabeth River 4,19,35,40* 36047'05 '1 760 18'13",
EH0901 Elizabeth River 4, 19, 35 36045'18 '' 76017'44"
EE0301 East Branch Elizabeth 0 0

River 4, 21 36°50'13 ' 76o14'48"
WB0201 West Branch Elizabeth

River 4, 13 36051'14 76021'20 ''

* Additional depths samples durinq plan test oniy.
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Tabl e 14

SALINITY STATION LOCATIONS

DYNAMIC HYDROGRAPH TESTS

Sampling Depths
Station Body of Water ft below msl Latitude Longitude

ACO001 Atlantic Channel 4,14,24,50 35049'54 '" 75048'52 '.
ACO002 Atlantic Channel 4,14,24,50,57* 36054'06" 75054'33"1
AC0003 Atlantic Channel 4,14,24,50,57* 36055t10 '' 75056'12''

BG01O1 Back River (Virginia) 3,10 37006'36"' 76017'30"

CBOOO1 Chesapeake Bay 5,13,23,33 36056'12" 76000'13
CB0002 Chesapeake Bay 4,12,22,32,68 36057'30 '' -6°00'051,CB0003 Chesapeake Bay 4,22,32 3605343 70.145 .

CBO004 Chesapeake Bay 4,22,30 37000'06 750 59'30'
CBO005 Chesapeake Bay 4,12,17 37001 12" 0 "
CBO006 Chesapeake Bay 5,12 37002'00" 759'06'
CBO007 Chesapeake Bay 5,13,18 37o02'54 . 75053'54-
CBO008 Chesapeake Bay 5,23,43 37003'IS13 7505S,43
CBO009 Chesapeake Bay 4,16 37 04'37 '' 75058,36

CB0101 Chesapeake Bay 5,15 37°05' 8' 760'1443 '
.

CB0102 Chesapeake Bay 4,12,18 37006 37" 76 0 'V:'

CB0103 Chesapeake Bay 5,15,28 37007105" 76012 ;'5
CB0104 Chesapeake Bay 4,13,30 37°07'37 '' 76'11'017 '

CB0105 Chesapeake Bay 4,23,37 37 0,36' 7601'59
CB0106 Chesapeake Bay 4,12,22 3709'14 '

' 760 0t'
CBO07 Chesapeake Bay 4,12,27 3710 36 X,'37
CB0108 Chesapeake Bay 4,14,20 3701112 '1 003'3"
CBO09 Chesapeake Bay 4,12,22,42,72 37011'48, "t 02,01,
CBO11O Chesapeake Bay 4,17 3712'.,. (1 ,

CB0202 Chesapeake Bay 4,12,27 37030'16" 7,' 11 '

CB0204 ChesapeaL,, "ay 4,12,32 37030'18'' 76I' '''
CB0206 Chesapeak4 ;ay 4,22,42 37030'15 760 0'4'
CB0208 Chesapeake Bay 4,32,52 37030'21. 76002' 6
CB0210 Chesapeake Bay 3,11,26 37030'23 '' 75059'3,,"

CB0301 Chesapeake Bay 4,22,35 37054'02 '" 76011 42"
CB0303 Chesapeake Bay 4,22,62 /054'18 ' 760 3"
CB0306 Chesapeake Bay 4,22,37 -7054'46" 76007' 16"
CB0310 Chesapeake Bay 3,21,57 3;056'3r)" 75056 130"

CB0401 Chesapeake Bay 4,22,32 2 3 '14" 76022 16
CB0404 Chesapeake Bay 4,42,92 3302:-20" 76020'13"
CB0407 Chesapeake Bay 4,16 33 023'79' 761815

(Continued)

* Additional depths sampled durinq plan test onlv.
(Sheet 1 of 6)



Table 11 (Continued)

Sampling Depth3
Station Body of Water (ft below msl) Latitude Longitude

CB0502 Chesapeake Bay 4,22,32 38050'32" 76026'12"
C50505 Chesapeake Bay 4,52,102 38050'35" 7623'50"

CB0611 Chesapeake Bay 4,28,53 39008'03" 76024'06"
CB0604 Chesapeake Bay 4,22,37 39°08'20 ' 76019'23"

0B0703 Chesapeake Bay 4,12,29 39019'57" 76012'02"
CB0705 Chesapeake Bay 3,23,43 39019'22" 76011-24 '

CCO001 Cape Henry Channel 4,23,52 36059'05' 7600011"

CC0002 Lape Henry Channel 4,24,47 36059'48 ' 76000'54"

CGO101 Choptank River 4,22,62 38°38'10" 76009'36-

C00101 Chickahominy River 4,20 36016'13" 76052'47"
C00201 Chickahominy River 4,10 36018'42" 76o5242"

EE0101 E. Br. Elizabeth River 4,16,28 36050'27"' 76016'56"
EE0201 E. Br. Elizabeth River 4,14,24 36050-24" 76016500"
EE0301 E. Br. Elizabeth River 4,14,24 36050'135 76014'48''

EHO1OI Elizabeth River 4,12 36055 '30" 76 0-008"
EH0102 Elizabeth River 4,14,24,48,58* 36055'30"5 7602021"
EHO103 Elizabeth River 4,14 36055'305 7602033"

EH0201 Elizabeth River 4 36053'09 7601953"
EH0202 Elizabeth River 4,14,24,48,58* 36053515 ' 76020-04
EH0203 Elizabeth River 4,24,43 36053 14' 76020'165

EH0301 Elizabeth River 4,14,24.48 36052'25" 76019'595

EH0302 Elizabeth River 4,14,24 36052235 76020'12"

EH0401 Elizabeth River 4,14,24,44,48* 36051'315 76018'505

EH0501 Elizabeth River 4,14,24,42,48* 36050'34 76017415

EH0601 Elizabeth River 4,14,24,42,48* 36048'50 76017'28"5

EH070] Elizabeth River 4,14,24,36,43* 36047'055 76018'135

EHO801 Elizabeth River 4,14,24,36,41* 3604636"1 76017'45

EH0901 Elizabeth River 4,14,24,36 36045'18" 76017445

EHIO01 Elizabeth River 3,13 36043'53 76016'495

(Continued)
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Table 14 (Continued)

Sampling Depths
Station Body of Water ft below msl Latitude Longitude

JGOO1 James River 3,13 36058'54 '' 76017'36 '

JGO012 James River 3,23,43 36059'36" 76017'54"
JGO013 James River 3,13,23,43,72 37000'00 76018'12"

JG021 Jaes Rver ,1436058'17 ' 76020'20 ''

JG0211 James River 4,14 36058'48 '' 76027'54"
JG0201 James River 3,12 36053'541 76027'12"
JG0202 James River 3,12,22 302'4,7021"
JG0203 James River 3,23,43 36°59'12 '' 76026'54"

JG0311 James River 4,14 37003:06'' 76036'16 '

JG0301 James River 3,12,18 37002 54" 76035'5,"f
JG0302 James River 4,13,20,3G 37003'30 '' 76o35'36"
JG0321 James River 4 37004 11' 76036'15"

JG0401 James River 2,19 3701I'54"- 76040'13'
JG0402 James River 4,13,28 37012'3091 76039'12 ''

JG0501 James River 3,7,2, 37012'541 7604810r)"
JG0502 James River 3,20,39 37013'06" 76047'3r ''

G0601 James River 3,13,21 37014'06,1 76056'4?"

JG0701 James River 4,14,29 37017'06 ' 77002'36"

JG0801 James River 5,15,25 37018'06" 77008'4" ''

1IG0901 James River 4,16,29 37019'06 '' 77016'21"l

JG1001 James River d,13,24 37022'481' 77020'18"

JN0101 James River 4,12,20 36058'06 ' 76°19'4n"
JN0102 James River 4,14,24,44,57* 36053'17" 76o20 03

JN0103 James River 4,14,24,34,58 36058'301, 76020'16"
J%0104 James River 4,14,24,44 36058'521, 76020'41"
JN0105 James River 4,12 36059'331, 76021'25"

Ji0201 James River 4,12 36055'09" 7625'56"
JN0202 James River 4,14 36055'23 '' 76025'46"
JN0203 James River 4,14,23 36056'24 76025'22"
JN0204 James River 4,14,24,50,58" 36057:04" 76025'07"
JN0205 James River 4,14,22 36057 28" 76024'41"

JN0301 James River 4 37000 33" 76032'44"
JN0302 James River 4,18 37001 17" 76031 55"
JN03n3 James River 4,18,32 37001 43" 76031 '26"
J0304 James River 4 37002 33" 76030'33"

(Continued) (Sheet 3 of 6)



Table 14 (Continued)

Sampling Depths

Station Body of Water ft below nsl Latitude Longitude

JN0401 James River 4,14,24 37jn- 2 1" 7-e 39' 53"

JN0501 James River 4,14 37o07:29 ': 76039'05"
JN0502 James River 4,17,31 37 07' 33" 76038 ' 32"

JN0601 James River 4,10 3710'30" 76042 ' 32"
JN0602 James River 4,10 37010'50" 76043'10"
JN0603 James River 4,14,28 37 ll 15" 76043'53 '

JN0701 James River 4 37009'30" 76044'02"

JN0801 James River 4,14,25 37°12:55" 76052'41''

JN0802 James River 4,12 37013 28" 76 052'42 '

JN0803 James River 4,14,24 37 14' 36 76 52'43"

0
LF0101 Lafayette River 4 36o54 0 < 76019'11"
LF0201 Lafayette River 4,16 36o54 13, 76 0 17' 40"
LF0301 Lafayette River 4,10 36 53 16 76016 '442 '

o '09 0
LHOO01 Lynhaven Bay 4,20 36 55'09 76 005'Il

o 1 0 7
LSO001 Horseshoe Shoal 4,1t 36057 26 76012 37"
LSO002 Horseshoe Shoal 4,14,23 3605 8'53 " 76012'08'
LS0003 Horseshoe Shoal 4,14,24 37o00 :2 0 : 76011'44"
LSO004 Horseshoe Shoal 4,12 37 01 30 76 11'21"

0 o 80
MBO02 Mobiack Bay 3,20 37 18 42" 76 20' 48"

0 , " 0
MFOO01 Fort McHenry Channel 4,22,52 39013 48 76 32'32"

0 I I 0
NG0101 Nanticoke Rive, 4,14,24 38 14 50 75 55' 39"

NNO001 Newport News Channel 4,14,32,50,58* 36057 35" 76 21'10'

NS0101 Nansemond River 4,17 36054l 2,, 76027 32"
NS0102 Nansemond River 4 36 54' 23 76 28'16"

NS0201 Nansemond River 4,12,20 36 53'18" 76 29'17'

NS0301 Nansemond River 4,12,19 36 52'03" 76 30 37'

NS0401 Nansemond River 4,10 36 50' 31 76 32'00"

NS0501 Nansemond River 4 36 0 49' '' 76 0 32'22"

PGO101 Patuxent River 3,22,39 38 18 43 76 25' 17"

(Continued)
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Table 14 (Continued)

Sampling Depths
Station Body of Water (ft below msl) Latitude Longitude

P10101 Piankatank River 4,12,20 37 37'54" 76 18'24"

P00102 Potomac River 3,22,38 3705830" 7619'42"
P00103 Potomac River 3,22,40 37059 30 76019 '54 "
P00104 Potomac River 3,31,49 38 00'52" 76020'00"

o 0" 0 l

P00202 PotolTic River 3,22,60 38 04'04 76 02711 "o 02" 9

P00301 PotorlaL River 3,32,57 38 09'28 76 3439"

'0040? Poto.d, ivr .r 2",41 38 12'08" 76045 '42P00601 45tria it '42"

P00 6 01 to!'ac Ri v'r 3, 22,62 38 21 20" 76059 '12"
So 3" 0

P00802 POtorac Ri.o, p,I 38 21'33 77 14'59"

PQO101 Poquos's r 'r 37 10' 12'' 76°23'on''

PRO103 Patapsco v 4,12,4, 3910' 45'" 76 26' 33

PR0202 PaLapsco Pive, I ,-  39 011 '58" 76 30'10"

0
RGO101 Rappahannock River 3,13,2 373454 76017'3C"
RGO102 Rappahannock River 3,20,33 37 36 06 7601706

o ' 0
RG0201 Rappahannock River 3,13,26 37°3625" 76°23'41"
RG0202 Rappahannock River 3,14,25,52 37 36 '5 76023154"

0
RG0301 Rappahannock River 3,13,26,59 37(3754" 7602836
RG0302 Rappahannock River 3,13,20 37 38 42" 760281 '

o 54

RG0501 Rappahannock River 3,13,25 37 45'54 76 37'12"

00
RG0601 Rappahannock River 2,19 37 48 36" 76 42'36"o " 0"

RG0701 Rappahannock River 2,19 37 52 30 76 46'18"

RSO001 Rappahannock Shoal Ch. 4,24,52 37°3451' 7603'3"
RS0002 Rappahannock Shoal Ch. 4,24,52 37037,00,, 76'05 '48''

RSO003 Rappahannock Shoal Ch. 4,23,52 37 39 12 76008'02"

TSO001 Thimble Shoal Channel 4,14,24,49 36056'49"' 76"00'I1l"
TS0002 Thimble Shoal Channel 4,14,24,49,58* 36057'40'' 76 04'45"
TS0003 Thimble Shoal Channel 4,14,24,49,54* 36058'21' 76 06'39"
TS0004 Thimble Shoal Channel 4,14,24,49,58* 36059'47' 16011 '53"
TSO005 Thimble Shoal Channel 4,14,24,49,58* 37 00'24" 76014'39"

(Continued)

(Sheet 5 of 6)
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Table 14 (Concluded)

Sampling Depths
Station Body of Water ft below msl Latitude Longitude

WBO1O1 W. Br. Elizabeth River 4,14 36051'34" 76020'07'

WB0201 W. Br. Elizabeth River 4,16 36051'14" 76021'20"

WO001 Willoughby Bay 4,10 36057'27" 76016'57"

YG0101 York River 4,24,34 370 1412" 76025-00"
YGO102 York River 5,25,54 37014'30 76025'00 ''

YG0201 York River 4,14,44,59 37014'18 ' 76030-12 ''

YG0301 York River 3,13 37019.00" 76036-24 '

YG0302 York River 3,11,27 37019 '18' 76035'54"

YG0401 York River 3,11 37022l12" 76039-00
YG0402 York River 12,1S,25 37022.24 76038'36"

YG0501 York River 4,14,26 37024'48' 76041'06"

YG0601 York River 4,14,24 37029'18" 76045'24"

YSO001 York Spit Channel 4,24,49 37002'33" 76004'31"
YS0002 York Spit Channel 4,22,49 3/006'24" 76007-16"
YS0003 York Spit Channel 4,22,49 37I11'03" 76009 1I"
YS0004 York Spit Channel 4,22,49 37014' 12 76008'08
YS0005 York Spit Channel 4,24,52 37 17'12 ' 76006'59"

(Sheet 6 of 6)
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